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RESUME

/D FULVWDOOLVDWLRQ HVW XQ SURFHVVXV LPSOLTXDQW OD
PDWpULDX[ VROLGHV TXL MRXH XQ U{OH FUXFLDO GDQV GH
FKLPLTXH HW DOLPHQWDLUH HW ®IXW BGIVQRME QKRD SBWQR
FUXFLDOH GH OD FULVWDOOLVDWLRQ FDU F HVW OD IRUPDWL
OD GLVWULEXWLRQ GH OD WDLOOH GHV FULVWDX[ /H FRQW
QXFOpDWQRBWDPQVEX VROYDQW OD SUpVHQFH G DGGLWLIV

PRGLILFDWLRQ GH OD VXUIDFH SHXYHQW FRQGXLUH j XQH QXF
GX SRO\PRUSKH VRXKDLWp HVW SRVVLEOH

La plupart des produits pharmacelik HVY VH SUpVHQWH VRXV IRUPH VROLGH
GH FDSVXOHV GH FRPSULPpV HW GH VXSSRVLWRLUHV /HV SU
VRQW FUXFLDOHYV SRXU OHXU HIILFDFLWp HW FHV SURSULpW
eVWLPH TXH GHV PpGLFDPHQWY SUpVHQWHQW XQ SRO\PR
FULVWDOOLVDWLRQ LQQRYDQWHY HVW XQ VXMHW G LQWpUrw
GHV PpGLFDPHQWY VH SUpVHQWH VRpoxlymaphas péuteRtEXoirud LV W D (
SRLQW GH IXVLRQ XQH VROXELOLWpPp XQH YLWHVVH GH C
ELRGLVSRQLELOLWp XQH WR[LFLWp RX XQH K\ JURVFRSLFLWpP
OH GpYHORSSHPHQW GHW PPEBAFDPHOOWWIHEIMVMOLWPp GDQV O
SKDUPDFHXWLTXHV DFWLIV $3, VROLGHV TXL HQWUDVQH GH

Les cocristaux pharmaceutiques est une classe moderne de substances pharmaceutiques, qui peut
DPpOLRUHRIS OHW S GHV PpGLFDPHQWY J/HV FRFULVWDX][ \
VWUXFWXUHOOHPHQW KRPRJgQHV FRQWHQDQW GHX[ RX SO
VW°FKLRPpWULTXHV GplILQLHY /HV FRFULVWDX[ SKDUPDFHX'
invtpHV SKDUPDFHXWLTXHPHQW DFFHSWDEOHV GDQV XQ UpV
O DFWLYLWp SKDUPDFRORJLTXH GX PpGLFDPHQW /D IRUPD
SURSULpWpV GX PpGLFDPHQW VDQV DOWpUHU Oistaxixy FRPSR
SHXYHQW rWUH IRUPpVY SDU GHV LQWHUDFWLRQV QRQ FRYDC
entre des groupes fonctionnels tels que l'acide carboxydiquée et l'alcoepyridine, les forces
GH YDQ GHU :DDOV -KEW /6 \H FRIQWHH DWW MHEKQQW Y YLWDPLQHV P
DPLQpV ELRPROpFXOHV RX DXWUHV PpGLFDPHQWY SHXYHQ
4



FRFULVWDOOLVDWLRQ HQWUDVQH O DSSDULWLRQ GH QRXYHO
OD PpWKRGH FKRYDIOWVHW GBIVVYR /H FKRL[ GX SRO\PRUSKH
SURSULpWpPpAKISKLWVXHAHR GDQV OH SURFHVVXV GH GpYHORSSH
ELRGLVSRQLELOLWp HW GHV TXHVWLRQV GH SURSULpWp LQW
HVW XQ REMHFWLI LPSRUWDQW GDQV OH GpYHORSSHPHQV
O pOHFWURFKLPLH j O LQWHUIDFH HQWUH GHX[ OLTXLGHV QR

de cocristaux.

'DQV OD SUHPLqQUH SDUWLH OH BRIPSR AR HAHQWDpOW F W WK BK.|
OD YROWDPSpURPpWULH F\FOLTXH &9 HW GH OD YROWDPS
FDIpLQH HVW XQ DOFDORWGH SXULTXH TXL D XQ HIIHW VWLP
renforcer l'actiond® PpGLFDPHQWY DQDOJpVLTXHV HW DQWLS\UpWLT:
HQYLURQQHPHQW KXPLGH HW D WHQGDQFH j VH WUDQVIRUPH|L
XQ FRPSRVp PRGqOH GDQV OHV HVVDLV GH FRifjud deieB X[ DY H |
FRFULVWDX[ VRQW FRQQXV SRXU DPpOLRUHU OHV SURSULpW
POHFWURFKLPLTXH HQUHJLVWUp HVW JpQpUp SDU OH WUDQV
WUDQVIHUW GHV HVSqFHY DEKQIKHW LHRQNVGLR QN LGV ISPWHQFH C
&0 j WUDYHUV O LQWHUIDFH 6L XQ SRWHQWLHO VWDQGDUG
XQ H[FqgV GH FDWLRQV GDQV OD SKDVH DTXHXVH HW XQ H[FqV
HQUHJLVWUpH HVW SURSRUWSIgR® QHROH YHOPDTXDQDV IGA pl p3J H
ODTXHOOH XQ WUDQVIHUW HVW REVHUYp GRQQH XQH LQGLFI
$LQVL OHV FDWLRQV WUDQVIpUpY GH OD SKDVH DTXHXVH j O
phasH RUJDQLTXH j OD SKDVH DTXHXVH GRQQHQW OLHX j XQ F
WUDQVIpUpVY GH OD SKDVH DTXHXVH j OD SKDVH RUJDQLTXH F
j OD SKDVH DTXHXVH GRQQHQW O lelgst up ca@nmhidrxopHiegdncEpe D W L |
D pWp WUDQVIpUpH j XQ SRWHQWLHO KDXWHPHRWWPRYLWLLIL p/
GLIIpUHQWY S+ HW OH S+ D pWp FKRLVL FRPPH pWDQW OH S
/| HISpULHRRE@WAHOH D S Uhigdkoxy2- QO KMWHR w T X H + 1 QH WUDQ
ITIES. L'ACV a fourni des informations sur l'influence de la composition de la phase aqueuse et

organique. Lorsqugi 8 D DXJPHQWp YHUV GHV YDOHXUV SOXV SRVLWL'
lorsque CaffH seul, 1H2N seul et 1H2N et CafHOWDLHQW SUpVHQWYV GDQV OD ¢S
UpVXOWDWY VXJIJqUHQW TXH FHV GHX[ PROpFXOHV VRQW DFW
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'DQV OD GHX[LgPH SDUWLH OD FRFULVWDOOLVDWLRQ GH &
SRODULVDWLRQ FKLPLTXH / LQWHUIDFH D pWp SRODULVpH

RUJDQLTXH 'H FHWWH IDoRQ XQH FRHFQXN WBR® LYPYW ISDQ \OpiD
GHV UD\RQV ; HW OD VSHFWURVFRSLH 5DPDQ 8Q V\VWqPH E|
GLVVRXWH GDQV OD SKDVH DTXHXVH HW GX + 1 GLVVRXV G
SRODULVpPH FKLPLTXHP HQW pG GWVV\RHOOND GDQV OD SKDVH RL
OD SRODULVDWLRQ GH O LQWHUIDFH IDYRULVDLW OD IRUPDW

$ILQ GH FRQQDVWUH OD VWUXFWXUH FULVWDOORJUDSKLTXH
examinpV SDU GLIITUDFWLRQ GHV UD\RQV ; VXU PRQRFULVWDO ¢
FRFULVWDX[ FRUUHVSRQGDLHQW DX[ FRFULVWDX[ GH &DII
&U\WWDOORJUDSKLF 'DWD &HQWUH &&'& /HV PH&KEd4JHV RQ
cristallographiques : | et Il. Ces complexes cristallisaient dans le groupe spatial monoclinique
3 Q DYHF XQH TXDQWLWp VVerFRN.FCafrieULHPX eht GitdragiDad +
OLDLVRQ K\GURJgQH HQWUH OHV JUBQGSRDB \estFund) eehigeH HW
SXLVVDQWH SRXU OD GpWHUPLQDWLRQ GH OD VWUXFWXUH
UHSUpVHQWDWLYH GH OD WRWDOLWpP GT1XQ pFKDQWLOORQ FL
FRQVpTXHQW DILQ GMW XRIY YDV P MHOQDN DY WXO HQVHPEOH GH
HQ SRXGUH RQW pWp DQDO\VpV SDU GLIIUDFWLRQ GHV UD\RQ
IRUWH SRODULVDWLRQ GH O LQWHUIDFH IDYRULVIDXRY OD SKD
des poudres recueillies pour des concentrations de 30 mM et d€ GATHV XUp RQW PRQWUr¢
SKDVH , SUpGRPLQDLW GDQV O pFKDQWLOORQ ORUVTXH O LQ
OD SKDVH ,, pWDLW SOXV SUpQYHQWHVGPROpG XpTFKD W QORORRY W
OH FRFULVWDO HQ FURLVVDQFH GHV GHX[ F{WpV GH O LQWH!
TXL SHXW rWUH FRQWU{Op SDU OD GLIIpUHQFH GH SRWHQWL
FRQVpTXHQ@W SRNDWLYHPHQW /D GLIIpUHQFH GH SRWHQWLHC
FDIpLQH FDWLRQLTXH HW D FRQGXLW j OD FRQFHQWUDW
FRFULVWDOOLVDW L-FOQ T XA G B WHRWNDTPHH OQ. T XQLNBHEpoi2RiEl I WD LW ¢
SOXV EDV OD IRUPDWLRQ GH FRFULVWDX[ pWDLW LQKLEpH /I
SUpGRPLQDQFH GH OD SKDVH , DXJPHQWH DYHF OD FRQFHQYV
DTXHXVH FH TXH QRXV GQDRYROQWVSBN REMHUAHHDY GH FRQWU{O
RQW PRQWUp XQH GLIIpUHQFH VLIJQLILFDWLYH GDQV OHV ED
6



&DIl  + 1 HW OHV UpDFWLIV FRQILUPDQW TXH OHV PDWpULD
produt FROOHFWp j O LQWHUIDFH 'HX[ SLFV GLVWLQFWYV SHXYH
1378 cmtet 1648 cit /H GpSODFHPHQW GXDSILBOSSREFW j OD FDIpLQH
OD OLDLVRQ K\GURJgqQH HQWUH OH dupE Garbokyrelds DHARIQ@hdE H OD F
TXH OH GpSODFHPHQW HB\DWDF® XVp SR OH SLF G pWLUHPHQW
OLDLVRQ K\GURJgQH LQWHUPROpPFXODLUH GDQV O DFLGH QD¢
13001800 cmt VR QW F D U D BWHQ LARPISTOH W DYHF GHV OLDLVRQ\

GHX[ PROpPEXOHV FH TXL HVW FRKpUHQW DYHF OHV UpVXOW
(DRX).

En effet, les analyses des poudres recueillies par DRX pour une concentration de 30 mM et de

Call VDWXUp RQW PRQWUp TXH OD SKDVH , pWDLW SUpGRPLQD
SRODULVpH DORUV TXH OD SKDVH ,, pWDLW SOXV SUpVHQWF
FKDTXH pFKDQWLOORQ LO \ D ®BH)BH/RXGH H FG3HK B B W b BHU RPYDH
UpVLGX GH + 1 HW GHV DXWUHV VHOV SUpVHQWYV GDQV OH V'
IDYRULVp OD IRUPDWLRQ G XQH IRUPH SRO\PRUSKH GH FRFUL
LQKLERPOWLVWDOOLVDW L-FOQ T XA G R WEHHMWNWFHH DS SXR EKIH GX FRQ
GH OD FRFULVWDOOLVDWLRQ RXYUH GH QRXYHOOHYV SRVVLEL

'DQV OD WURLVLgqPH SDUWLH OD PHVXWHHWLPXOWW @pHH FRHX\W B
l'interface liquideOLTXLGH SRODULVpH HQ XWLOLVDQW")@dihwheFDWLRQ
LRQ FRPPXQ D pWp UDSSRUWpPH ,0V DJLW GX FRQWU{OH GX
commun dans chaque phas DQV XWLOLVHU G pOHFWURGHV (Q IDLV
concentration de lion commun dans les phases aqueuses ou organigues, on peut modifier la
GLIIpUHQFH GH SRWHQWLHO /D GLVWULEXWLRQ GHV LRQV HQ
POHFWULTXH HQWUH OHV SKDVHV 'LYHUV U D S/prRWIAD\Y WEKH OF F
WpWUDSURS\ODPPRAQet KFA' 7TRO@W pWp GLVVRXV GDQV OHV GHX]|
ELSKDVLTXHV RQW HQVXLWH pWp XWLORWHQBR XD Y QUALHIUH D F
FRUUHVSRQGDLW DX[ FDOFXOV WKpRULTXHYV &H GLVSRVLWLI
le processus de cocristallisation interfaciale de Caffidrophile et cationique avec 1H2N
OLSRSKLOH /D SUpR/DQ@QFH B KDYVHLOAXHXVH D FRQGXLW |j GH
pOHYpHVY FDXVpHV SDU OH WUDQVIHUW GH FKDUJH LQWHUII



REVHUYpHV DXVVL ELHQ HQ O DEVHQFH TX HQ SUpVHQFH GH

bUXLW GX FRXUDQW pOHFWURFKLPLTXH D PRQWUp XQH QHWMW
OHV FRFULVWDX[ VRQW IRUPpV HW FHOOHV GDQV OHVTXHOO
SRWHQWLHO QpJDWLI RX SDU O BONERtHIQOMIDPWSSEQpaBsuBre /D Pp
OHV FKDQJHPHQWY TXL VH SURGXLVHQW DX[ ,7,(6 GDQV OHV
PHVXUH VLPXOWDQpH GX SRWHQWLHO HW GX FRXUDQW /H E
FRXUDPPHQW XWLCHW BHH GRQW RHMNR QW XEL SHUPHW OD PHVXU
GX SRWHQWLHO SRXU LGHQWLILHU OHV GLIIpPUHQWY W\SHV G
VXLYUH VLPXOWDQpPHQW OHV FKDQJHPHQWY GH FRXUDQW |
cocULVWDOOLVDWLRQ §OXJ M LLGHNV $1RIOMFH. \OpLH SIDAHXQ LRQ FRPP
SKDVH /(1 D pWp DSSOLTXpH SRXU PHVXUHU OH SRWHQWLH
FHOOXOHV pOHFWURFKLPLTXHV RQW PWY H © DBp M\H G V/ XD H
RQW pWp HITHFWXpHV SHQGDQW KHXUH SRXU SHUPHWWUH j
O LQWHUIDFH OLTXLGH OLTXLGH /HV PHVXUHV RQW pWp FRPF

p OHFW UR F KL Phiti€hest stabld-tagRié\tdtinps et sa valeur diminue avec le r%iéesrt
226

'"HV UpVXOWDWY VLPLODLUHV RQW p,WEA RETWA] G0\ isiRgpeU OHV V)
TXH OH WUDQVIHUW Q HVW SDV EDVp VXU OH SRWHQWLHO

concentration de TAAdanschaque phase.

'DQV OD SDUWLH VXLYDQWH GH O pWXGH OHV VROXWLRQV p\
DYRQV PLV HQ SODFH OD FHOOXOH pOHFWURFKLPLTXH DYHF
agueuse et 1H2N comme phase organique danRI€3G LW LR QV VXIILVDQWHY SRXU W
,FL OD IRUPDWLRQ GH FULVWDX[j O LQWHUIDFH D pWp REVH
moyenne quadratique du courark{l VRQW WUqV IDLEOHV WRXW DX ORQJ GH
qu LO Q \ D SDV GH WUDQVIHUW GH FKDUJH LQWHUIDFLDO /R
aqueuse, les valeursrd VRQW SOXV pOHYpHV TXH OH + 1 VRLW SUp\
RUJDQLTXH &RPPH H[SpULHQFH GH FRQW WWp PEN XARXM B Q VS
GH FDIpLQH HW GH + 1 PDLV ORUVTXH OH SRWHQWLHO LQWH
IRUPDWLRQ GH FRFULVWDX[ GHmnEBIPQYH-FHV+FR Q6@ VWYIROMH/X H VS
VRQW VLPLODLUHWY HRHO MHEW HRENH W GYH HDIpLQH P QH YUFPHD\Q W
VRQW OLpHV DX WUDQVIHUW GH FKDUJH GH OD FDIpLQH ORU
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FHOOXOH pOHFWURFKLPLTXH ORUVTXH OHV FRFUEDWYDKX[ VR
I UpTXHQFH GLPLQXH GDQV OHV SUHPLHUYV V. FH TXL SHXYV
&DIl + 1 HW DX IDLEOH EUXLW GX FRXUDQW $sUqV FHV WHPS
j O DEVRUSWLRQ GX FRPSOH[IQWXDQUHURBIXQRWHVXQH(6HOR XOH
FRPSOH[H Q HVW SDV IRUPPHOIKYQUH DSMVRQHGPIDQDgIUH VLJIQ]
G XQH H[SPULHQFH / LPSpGDQFH GH EUXLW D GHV YDOHXUV ¢
ou l'absorptiordu cocristal sur le LLI n'a pas lieuOD FDIpLQH HVW WUDQVIpUpH H
YDOHXUV SOXV pOHYpHV (Q'REWLUMp OSINFWOHYHUGH B XLV VL
ORUVTXH GHV FRFULVWDX[ VRQW IRUPpV VRQOHVQGEHUOHXKISHWV |
DYHF O DEVHQFH GH + 1 GDQV OD FHOOXOH pOHFWURFKLPLT
SURYRTXDQW OHV FKDQJH POIQW Y G HO TDQWHUWDR FHI® @HPWLGH W L
signal s'estompe plus rapidement l@H OD IRUPDWLRQ GX FRFULVWDO FDU C
DYHF + 1 HW OHXU DGVRUSWLRQ j O ,7,(6 (Q UHYDQFKH HQ ¢
rwUH WUDQVIpUpH YHUV OD SKDVH RUJDQLTXH &HFHuVXJJqUF
PSD.

'‘DQV OD GHUQLgQUH SDUWLH GHV FRFULVWDX[ RQW pWp IRUP
SDU OD PpWKRGH GHV SODQV G H[SPULHQFHV 'LIIpUHQWYV 1D
agueuse, divers solvants et sels appliquantRMPHQW LHO SRVLWLI /H SODQ G HJS
GH OD VWDWLVWLTXH DSSOLTXpH GDQV ODTXHOOH GHV pWXC
HW LQWHUSUpWpHY / REMHFWLI HVW G pYDOXHU OHV IDFWH X
JURXSH GH SDUDPgWUHYVY $YHF OH SODQ GYH[SPULHQFHV QR.
IDFWHXUV G HQWUpH HW H[DPLQHU OHXU LPSDFW VXU OD V
FRFULVWDX[ GH &DII + 1 FRFUKXMOHS Ve HL @ @ FBWIpgHU B Q X
GH IODFRQV GRQW OHV FRQGLWLRQV H[SpULPHQWDOHYV YDULL
VpFKpV j O DLU HW DQDO\VpV SDU '5; SRXU YpULILHU OHV GLI
Dans tous les flacok O LOQWHUIDFH pWDLW SRVLWLYHPHQW SRODULYV
LPSRVDQW XQ SRWHQWLHO pOHYp .73%&0 .7% HW /L7% HW
GLFKORURpPpWKDQH '&( HW OH PpODQJH DQLVBOB PRQOQWOXRU
OHV FRQGLWLRQV SHUPHWWDQW G REWHQLU XQH SKDVH , HW
VLPXOWDQpY HW GH OD WHQVLRQ LQWHUIDFLDOH D SURXYp T
processus de cocristallisation. Des vaMurGH “( SOXV IDLEOHV RQW pWp PHVXL
9



pWDLW SUpVHQW GDQV OH IODFRQ FH TXL VLJQLILE XQH FL
SRWHQWLHO DSSOLTXp LQIOXHQFH OD FLQpWLTXH GX SURFH
p W perr€

,O D pWp SURXYp TXH OD WHQVLRQ LQWHUIDFLDOH IRXUQLW
VROYDQWYV HW GHVY pOHFWURO\WHYVY XWLOLVpV SRXU OHV PHV
processus qui se produisent aux ITIES. Ledply HQFHYVY GDQV OHV YDOHXUV GH
HQWUH '&( HW OH PpODQJH $ 7)7 VXJJqQUHQW TXH QRQ VHXOH
U{OH GDQV OD WHQVLRQ VXSHUILFLHOOH PDLV DXVVL OH FKR
avec laugmetation de I'hydrophobie du cation organique {PBTPBCI). En comparant les
UpVXOWDWY GHV PHVXUHYVY GH WHQVLRQ VXSHUILFLHOOH j FH
ORUVTXH OD SKDVH , SXUH D pWp REWHQXHp DY WH @ X HR@R WX/
OD SKDVH ,, SXUH D pWp REWHQXH /HV FRFULVWDX[ GH OD S
nous avions alors LIiCl en phase aqueuse et KTPBCI en phase organique. Les deux cations Li+ et
K* et l'anion Cl RQW GHV SURBBSLpWHV FIONRRVQW SURYRTXp OH PpC
O ,7,(6 FH TXL D FRQGXLW | XQ DFF§W®/0jX@ D FRILpDYW GRIQRGHY F
F{Wp RUIJDQLTXH GH O LQWHUIDFH 'DQV G DXWUHV FDV OHYV
aquewH HW RUJDQLTXH RQW FUpp GHVY FRQGLWLRQV SOXV NRVP
HOQWUH OD WHQVLRQ GH VXUIDFH HW OHV PHVXUHV GH FDSD
/IL&O SHXW rWUH FDXYV pHpl&kzhhodpe S DHSMKEHVE HDEOHXVH ,0 D
FRXFKH GH ODUJHXU GHV VROYDQW\Y Bp@b @/dpp/ OHIDW'KE( | HIFH
WHQVLRQ LOQOWHUIDFLDOH SOXV pOHYpH GDQV OHV IODFRQV I
IDYRULVp OD FRAUQLNVEBROOHV,DSVOARW{W TXH GH OD SKDVH ,, 7
WHQVLRQ LQWHUIDFLDOH R QWaffiReD TPBQ el dUH., ZBH. WV KHO RHWVR\Y VGKAD ¢
SRXUUDLHQW IDYRULVHU OD SKDVH , SRO\PRUSKH reUplpUHC
IDYRULVpHR, BEEDHW2OH PpODQJH $QLVROH 7)7 /H SODQ GYH[S

organique est le facteur ayant un impact actif sur la cocristallisation aux ITIES.
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ABSTRACT

Controlled formation of cocrystals is an important objectiverug developmenfrhis work usd

the electrochemistry athe interface between two immiscible liquids (ITIES) to control the
formation of cocrystaldn the first partthe electrochemical behaviour of caffeine was investigated
by means of cyclic voltametry (CV) and alternating current voltammetry (ACV). The caffeine is
the hydrophilic cation thus, it transferred at highly positive potential. Transfer of cafeat

was verified at various pH and the pH 2 was chosen to be the most optimal for nystat®c
formation. The control experiment proved thatydroxy-2-naphthoic(1H2N) did not transfer at
ITIES. ACV provided the information about the influence of the aqueous and organic phase
composition.When ¢§ 6 increased to more positive valugspacitance (Cyvas higher when
CaffH" alone, 1H2N alone and both 1H2N and Céffiere present in the aqueous phase. These
suggest that these two moleculesiaterfacially active.

In the third partlie simulaneous measurement of potentidl( and currentl) variations at the

ITIES, which were polarised using tetraalkylammonium cations as a commava®eported.

Various concentration ratios of tetramethytraethy, and tetrapropylammonium were dissml

in both phases. Such biphasic systems were then used to verify that the interfacial potential
difference measured fit the theoretical calculations. This experimentap seasnext used to

probe the interfacial cocrystallisation process of hydrophilid cationicCaffH* with lipophilic

1H2N. The presence of caffeine in the aqueous phase led to higher current values, caused by
interfacial charge transfer. Such current variations were observed both in the absence and in the
presence of 1H2N in the ongia phaseAnalysis of the electrochemical current noise showed a
clear difference between cells in which cocrystals are formed and those in which cocrystallisation
is hindered, either by a negative potential or by a change in pH. N'ineehod is a poweuf tool

to follow the changes occurring at ITIES in common ion experiments by simultaneous

measurement of potential and current.

In the last part, cocrystals were formed on the ITIES according to the conditions chosen by the
design ofexperiments (DoE) mébd. Various factors were tested: electrolytes in the aqueous
phase, various solvents and salts applying positive poteftial. XRD analysis showed the
FRQGLWLRQV WR REWDLQ DOPRVW SXUH 3KDVH , DQG DOPRV\
| and te interfacial tension provethat the applied potential influences the kinetics of the
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cocrystallizationprocess The interfacial tensionmeasurementshowed thateffects from Cl
TPBCI and1.2-dichloroethanenight favour thepreferential phase | polymphwhile SQ%, TB
and a:TFT might favour phase Il formati@oE method indicated organic salt as the factor having

an active impact on cocrystallization at ITIES.
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FREQUENTLY USED ABBREVIATIONS

1H2N £1-hydroxy-2-naphthoic acid

BA* tbis(triphenylphosphoranyldiene) ammonium cation
CaffH" tcaffeine cation

Caff: 1H2N *cocrystals of caffeine andHydroxy-2-naphthoic acid
CE zcounter electrode

CV =cyclic voltammogram

DCE #1.2-dichloroethane

EN zelectrochemical noise

ITIES #interface between two immiscible solvents

RE zreference electrode

SEM zscanning microscopy

TEA" #tetraethylammionium cation

TMA™ ttetramethylammonium cation

TPA" ttetrapropylammonium cation

TPBCI ttetrakis @-chlorophenylborate anion

TB" tetrakis(pentafluorophenylborate

¢ 6 xstandard transfer potential
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1. INTRODUCTION

This chapterintroducesthe subjects of my PhD, defines terms that are frequently used and

introduces the main aspects to be studied in the thesis.

1.1. General interest for crystallization

Crystallisation is a process involving nucleation and growth to form solid matefiais process
plays a crucial role in many industrial and natural processgsas pharmaceutical, chemical and
food industriesNucleation is the crucial stage in crystallizatamd it is the formation of the new
phasevhich decideabout thdorm andcrystalsize distributionThe control of the supersaturation
andnucleation temperature, solvent selection, presence of the addijdisation of arexternal
field or surface mdification can lead to edective nucleationin this way the formation of the
desired polymorphis possiblgl], [2] As the crystallizationoccurs in many different
environmentsit sometimesasan undesirable outcomeor example, the formation of inorganic
barium sulphate in offshore oil productiofhis crystallisation limits the rate and extent of oil
recovery. Sulphaterich seawater mixes with bariunth aquifer water, a supetsaated
environment is created which leadscrystalliséion of barium sulphatéBaSQ) in rock pores or

in the pipeling3] Nucleation on such wateil phases is often heterogeneous and this nucleation

is a practical problem in the crystallisation process.

Crystallizationis the most efficient methotb separate and to purifgctive pharmaceutical
ingredients (API). It is the final and critical process drug manufactung.[4] In the
pharmaceutical industryhere are crystallizatiafrom the solution, from melt and from the gas
phase.The quality ofa pharmaceutical product is assabse terms of purity, size distributions,
polymorphism,and mechanicastrength of the crystal, morphology and residual solv&he
control of these properties is controlled the choice of solvent, supersaturation conditions,

mixing, geometry of the cefallizer, seeding and external contjfjl.

Most of pharmaceutical products are in solid forms e.g. capsules, tablets and suppoFiteries.
physiochemical properties of medicines are crucial in their efficacy and heyserties depend
on different crystalline statel.is estimated that 80% of drugs show polymorpHE&hiTrhe search
for innovative crystallisation methods is a subject of constant intereteqgfharmaceutical

industry as masdrugs appean crystalline forms whose polymorphs may have different melting
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point, solubility, dissolution rate, thermal stability, bioavailability, toxicity or hygroscopjcity
[11]. An additional issue encountered in drug development isldie stability in humid

environments of the solid APIs, resulting in manufacturing and storage prol2jmns.

There is a need in the pharmaceutical industry for-thgbughput technologies for predicting
crystal structures and which will allow situ screening and testing of new crystaims Crystal
engineering isa way of designing crystals with desirggzhysiochemicalproperties. The
physicochemical properties can ingproved by changing the physical forms of the drug through
the formation of polymorphs, sdli¥], hydrates, amorphous, solvdtey, cocrystals, etfl9]
Among the methods of improving drug forms are cocrystals (Figurg¢2D]L)

Figure 1.1:Pharmaceutical solids structural diversi0]

1.2. Cocrystals and methods of ocrystallization

A drug cocrystal is a modern class of pharmaceuscdistancg, which can improvedrugs
properties.They have gained great popularity and interest because of their potential in making

multicomponent and improved druffsl] Pharmaceutical cocrystals may contain two or more
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guest molecules recognized as safe (e.g. preservatives, excipients, carboxylic acids) or another
drug incorporated with the API in the crystal lagtin definite stoichiometric amounts, without
affecting the pharmacological activity of the di@@], [23] Figure 12 present structural

relationship in cocrystals between API and cocrystal conformer (CFF).

Figure 12: Schematic illustration of structural relationships in cocrysfals.API = active
pharmaceutical ingredient, CCEcocrystal conformer.

Cocrystals can be foraa bynon-covalent interactionge.g. hydrogen bonds) between functional
groups such as carboxylic acinide and alcohdlS\ULGLQH YDQ GHU-(® DMI\D FRIURH V
[10], [24]. The most common hydrogen bond in cocrystals are presented on Figuge\veral
mechanochemicahethods such agrinding in presence or absence of solv§i$ and ®lvent

based methad e.g. solvent evaporation, solvent cooling, cocrystallisation from melt, different
types of grinding and slurrying antisolvent cocrystallisatiof6] and liquidliquid
crystallizatioi27] are used to form cocrystafSocrystallisation results in the appearance of new
polymorphic phas¢28]. Their formatio depends on the method of cocrystal formatioh [29]

and the solvents us¢80]. The polymorph selection is important due to the physiochemical
properties in drug development process, bioavailability and patent issues. On the market there are
commercially @ailable cocrystals of drugs with carboxylic acids like ertugliflozin with L
pyroglutamic acid (Steglarf81], with another drug which consists \dlproic acid and sodium
valproate (Depakotfd2], escitalopranoxalate (Seroplef33] or celecoxib with tramadol
(Seglentis)34].

16



Figure 13: The most commohnydrogen bonds utilised ioocrystal engineering. (1) carboxylic
acid homosynthon, (2) carboxylecid +pyridine heterosynthon, (3) amide homodimer, (4)

carboxylic tamide heterosynthon, (5) alcohatther heterosynth¢a2].

1.2.1.Properties and cocrystals of caffeine

Caffeine (Caff) is a bitter, white crysliake powder. It is a purine alkaloid, which has a stimulating
effect on the nervous system and is used to reinforce analgesic and antipyretic drug&2jction.
Usually, Gaff is extracted from plans e.g. guarana, yerba mate, coffee,[88kda medicine,

Caff is used as an analgesic adjuvant in fatigue, apnea or drowsiness tréa@in€affeine is a

weak basewith a pKa around 10[37]. Thereforethe salt formation is an issuecause of the
difference between the caffeine pKa and the pKa of the suitablés not big enoud0].
Generally itexit LQ WZR DQK\GURXV IR U&rosphBrighGmidity soin¥ekt t® av
nonstoichiometric hydrat.2], [38], [39] Caffeineis often used as a model compound in cocrystal
studies with carboxylic acids, since such cocrystals are known to improve its physical properties.

There are many examples of cocrystals of caffeine with various coformers and they are presented
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in Table 1.1. In theéable are listed: name of the cocrystal conformeathodof cocrystallization

and reference.

Table 1.1:Examples of the most representatbeerystal coformers for caffeine and methods of

obtaining them and reference.

Cocrystal coformer Method of cocrystallization Reference

Slow evaporation [39]
1-hydroxy-2-naphthoic, 2hydroxy-2-

naphthoic acid, ydroxy-2-naphthoic acid, ~ Cocrystallization at solvent

. [27]
interfaces
Solution-mediated
2-hydroxy-1-naphthoic acid phase transformatiofSMPT) [40]
slurrying
Solution-mediated
Adipic acid phase transformain (SMPT) [41]
slurrying
Liquid assisted grinding [42]
Citric acid
Slurrying [24]
D, L-tartaric acid Liquid Assisted grinding [43]

Liquid assisted grinding, spray
Dapson , . [44]
drying, solvent evaporation

Non-photochemical laseinduced

Gallic acid . [45]
nucleation
Solvent Drop Grindig [46]
Liquid assisted grinding [38]
Glutaric acid
Slow evaporation [12]
Slow evaporation [47]
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lonic liquid-assisted grinding [48]

Hydroxybenzoic acid Slurrying [49]
L-malic acid Liquid assisted grinding [50]
Grinding [51]

Maleic acid

Solution and grinding methods [12]

Malonic acid Solution and grinding methods [12]
Nicotinamide Cooling crystallization [52]

Solution precipitation and by
. L [12]

solid-stae grinding
Oxalic acid _

Extrusion [53]
Laser irradiation [54]

L Liquid assisted grinding, slow
Succinic acid _ [55]

evaporation,

Urea Milling [56]

The cocrystals of caffeine were formed with various coforristesd in Table 1.1. These studies
resulted in many polymorphic forms. Their properties andatiors influencing the formation of
the selected polymorph have been the subject of many stiitiesocrystals of caffeine with a
series of dicarboxyliacids e.g. glutaric, oxalic, maleic and malonic were prepared and their
relative hydration (RH) stabilityvas studiedoy varying the humidity conditioqd.2] The two
polymorphic forms (Form | and form II) of glutaric acid were found and they were obtained in
grinding, slurrying or solution cocrystallizatiofd8] The formation of these polymorphic forms
were further investigated and the influence of solvent used for {agsdted grinding was found.
The use of nopolar solventse.g. heptane, or hexane resulted in Fomnvhile the presence of
solvents like acetonitrile, water or chloroform leaded to Form Il formd@8hOther studies of

caffeine and maleic acid also proved the importance of solvent isale@ocrystals with
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stoichiometry 2:1 were obtained in ethyl ace{&id when 1:1 was obtain by grinding with toluene

[12]. In some screening method only one polymorphic form was obtained e.g. caffeine and adipic
acid cocrystals, regardless of the solvent used for SMPT slurring tecfdhiqu&he cocrystals of
caffeine and three naphthoic acids were obtained during slow evaporation from acetonitrile. For
all three hydroxyl2-naphthic acid only one polymorphic form 1:1 was foumolwever unusual
dimers were formed due hydroxylcaffeineheterosynthong39]. Interestingly, other forms were
found during interfacial cocrystallization of the same components and it will be discussed in
Chapter 12.2.

1.2.2.Cocrystals of caffeine at liquidliquid interface

The first attempts to crystallize caffeine with hydre2yhaphthoic (xH2N) acids were carried out

at nonpolarised wateorganic interfacg27] The three xH2N were studied as a coformers: 1
hydroxy-2-naphthoic acid (1H2N), -Bydroxy-2-naphthoic acid (3H2N) and -Bydroxy-2-
ngphthoic acid (6H2N) which can boost the stress lowering efi&¢t.The experimental
conditions and structure of the caffeine and coformers are shown in Figuféd polymorphism

of the cocrystals was studied in different solvents, temperature and while stirring. Changing
solvents resulted in different polymorphic forms for the thrderogers. The more polar solvents
favoured form | (1:1). Temperature accelerated the formation of interfacial cocrystals, while
mixing changed the stoichiometry and, in the case of 3H2N and 6H2N, resulted in the formation

of form Il than form |I.
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Figure 14: The experimental conditions and structure of the caffeine and cofojaTérs.

The control of polymorphism is now crucial in cocrystal research, and methods are being sought
for the selective synthesis of specific crystalline materials.edarg methods for controlled
cocrystalisation are therefore necessabaffeine (Caff) and -hydroxy-2-naphthoic acid (1H2N)
were chosen as the APl and conformer, respectively as a model drug in cocrystals studies. The

chemical structure of chosen components is presented on Fi§ure 1.
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Figure 1.5: Chemical structure of the API caffeine (a) and cocrystal conforreydioxy2-
naphthoic acid (b).

1.3. Electrochemistry at the Interface between Two Immiscible
Electrolyte Solutions (ITIES)

In this researchwe studied thelnterface between Two ImmiscélElectrolyte Solutions
(ITIES).[58] An ITIES is formeal between two immiscible liquid solvents containing electrolytes.
The first solvent is generally water, and the second one is a polar organic solvent which is
characterized by a moderate or high dielectric permittivity, which is important for partial
dissaiation of electrolytes. The most commonly used solvents are polar organic solvents like
nitrobenzene (NB»9], 1.2-dichloroethan¢DCE), which are characterizég relative permittivity

in range 16015/60]. Other solvents such asnitrophenyloctylether (NPOH)L5], 2-octanone, 2
heptanongl], acetophenoijé2], 14-dichlorobutane, ®5-dichlorohexane (2-DCH)[63]
dichlorobenzer®4] and recent ionic liquids (RTIL) amdsosuitable, but expensive and difficult

to us¢65]. Since the commonly used DCE or NB are toxic and carcinogenetic, the latest research
applies trifluorotoluene (TFT) as a naBancerogenic and not expensive solvent for ITIES
experiments. The dielectric constan0 (9.2 DW f& DQG GHQVLW\Y)Rue 7)7
comparable to those o0& ( DW f& DQG J Pe6]. UHe standdrttarisféeH O \
potential ¢§ 6 of ions transferred across the water/TFT interface can be determined and compared

with those at the water/DCE interface. The linear relationship between the standard Gibbs energies

e 0,w:R DOORZV WR H[W U DiSRrosbdNidh to We IrRrdase W thel use of
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TFT, more environmentally friendly organic solvents such as afsgler the weltknown oils

such as avocado oil, coconut oil and walnuthailze also begun to be considd6&], [69]. Anisole

has lower 0(4.3 Fnt) thanDCE (10.4Fm?) and TFT (9.2 FmY) andits phenyl group allows to
interact with the cations and biologic substances, thus anisole can be used to mimic biological
reactions and dgudistribution studies. The linear correlation between with standard potentials
water/DCEand water/anisolmterface was foundAvocado oil, coconut oil angalnut oil are free

from toxicity, not expensive aneasily accessible. However, they are ligdt due to the high
viscosity which slows down the mass transfer at ITIES and that are not yettueeéd Both

phases contain an electrolyte salt that is soluble just in one of the phases but not in {i@]other.
The composition of the phases is very important so that we can observe the results of the
experimentsThe water phaseomprisesa hydrophilic electrolytdike LiCl or Li>SQs, while an
organic solvent contains faghly hydrophobic electrolyte.g. bis(triphenylphosphoranyldiene)
ammonium BA®) in combination with tetrakis(éhlorophenyl)borate (TPBQ] or tetrakis(4
fluorophenyl)borate (B7)[71].

Aqueous and organic electrolyte solutions have ionic conductivity due to mobile charge carriers,
allowing them to reach equilibrium through ion transfer across this interface. The advantage of
usingsuchelectrolytesolutions al TIES is that the ionic conattivity of the two phases produces

an electrical poterdl difference at the interfadé2] Therefore,in some electroanalytical
applications, theTIES can replace the working electrode in classical electrochemistry and give
the possibility to detect ionic species which are not detectable in redox prodésses.done by
monitoring the current generated during the transfer of ions acrossttigeliigid interface, from

one phase tanother.

1.3.1.Simple ion transfer at ITIES

The electrochemical signal generated by the transfer of ionic species through the inteffaise.
transfer is induced by the application of a Galvani potential differemossthe interfacel hat

is, to providethe ions with the Gibbs energy needed to move from one phase to another by
polarizing the interface based on the Galvani potential difference defineddxyudigon {.1)[58],

[73]:
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8B L ¢6:S;FebiK L (,goﬁEEH% (1.1)
And in case of diluted solutions:

£OL FOfE HE (1.2)

(¢

Where ¢§ 6 +the Galvani potential differences§ 6¢ +standard transfer potential of the iowil;

tcharge of i; atactivity in each phase; @&concentration in each phase.

When the Galani interfacial potential difference changes (through the application of an external
potentialby the reference electrodes present in each phidsge is a transfer of ions from one
phase to the other in order to maintain the equilibrium described b{dH. Each ion passing
through the interface produces a curnghich isrecorded by the counter electrode presehbin
phasg[70], [74], [75]

1.3.2.Assisted ion transfer at ITIES
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Figure 16: The four mechanisms pbssible assisted iom) gransfer reactions. (a) TIGtransfer
by interfacial complexation; (b) TIDttransfer by interfacial dissociation; (c) TO@&transfer
followed by interfacial complexation; (d) ACHaqueous complexation followed by transferhaf t

complex. L= ligand,i - ion, w faqueous phase, @organic phase.

Assisted (facilitated) ion transfer involve not only the transferring(ilorbut also neutral ligand

(L) that are distributed on the surfamethat can be distributed on eitheresidf the interfad®8].

The assisted ion transfer réaa is quite complex, so four mechanisms are proposed to describe
the processes involvd#rig 1.6) transfer by interfacial complexation (TIG)ansfer by interfacial
dissociation (TID) transfer followed by organic phase complexation (TCQd agueous
complexation followed by transfer of the complex (AC[I76]

Nernstlike equation (Eq. 1) can be adapted for assisted ion transfer when we assufii@ fhat

aalE K0 . osF KEg @ (1.3)

For above reaction the association constant is defined by:

A0V O

O7.6
WQ/Z (1.4)

The ¢§ 6 for the facilitated ion transferaa be written in the form of equation:

UYO

oL ¢&6k.g E—' Haaw (1.5)

With the standard transfer potential of ligargs, bﬁ?:t,:

Ei 5

C,aOA’>u|—6a0uE

(1.6)First assisted ion transfer was reportedtif@r transfer of Kfrom the aqueous phase
to a nitrobenzene containirtibenzel18-crown6 ionophore via complexation of these i§n8]
The ionophores present in the organic phase lowbee&ibbs energy of transfer and facilitated
the transfer of potassiunthis study was followedy facilitated ion transfer studies of other
elements including Fe(ll) and (I11), Ni(ll) and Zn(ll) involving oo SKHQDQWKUROLQH

bipyridine and heavy ratalsi.e. cadmium and leal¥9]. Interesting example of TIC and TID is
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facilitated proton transfer. In presenoé piroxicam and its derivativesH" transfer through
complexation and decomplexation at the ITIB8]

1.3.3.Electron transfer at ITIES

Electron transfer reactions concern the studsl@dtron transfer between two redox species across
the ITIES, with one species dissolved in either ph@ikey are based on the redox reaction between
the oxidised redoform in one phase and the reduced form in the other. However, they are rarely
used in analytical applications, as it is more interesting from an analytical point of view to study
ions electrochemicallgt the ITIES59] The electron transfer in comparison with ion transfer can
be studied by mangxternal techniques such as SE@BL], in situ UV-Vis spectroscod®2] or
fluorescence spectroscdfg] and recentippy computational simulatiof@4]. The first reports of
electron transfer at ITIES was made tloe redox couple( A % 0’° ( A % 0% in acueous phase

and ferrocene ithe organic phasg5] Since thera lot of studiesabout the mechanism of this
transfer werecried out. The electron transfer may occur spamgously or by control of the
potentiostaf86] 488] Interfacial electron transfer wase first step of electrosynthesis of PEDOT
(poly(3,4ethylenedioxythiophend)ims at ITIES[89] Under the positive polaation there was

the exchange of electreshetween EDOT inheorganic phase and Exidantin aqueous phase
generatingeDOT". This cationic form dsorbed at the ITIES under the negative potentialiand
was followed by the autocatalytic electron tf@ndetween abovenentioned redox couple. This

process is presented in Figuré.l.
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Figure 17: PEDOT formation by the electron transfer at ITIiBSive steps electrosynthe$89]

1.3.4.Potential window for the transfer of ions

The interfacial potential is controlled by a potentiostat and it is applied through the reference
electrodes in each phase. Withdduner-electrodes, one in the aqueous and one in the organic
phase WKH FXUUHQW YDULDWLRQ OLQNHG WR FKDUJH WUDQV
recorded90] When a hydrophilic sals dissolved intheaqueous phase and a hydrophobic salt is
dissolved in the organic phase, the interface is polarizable. Thus, if we want to polarize the
interface, without changing the chemical composition of the phases, it is necessary to apply an
extenal potential. This creates a potential window (Hig) that allows the interface to be
polarized to the point where the applied Galvani potential difference is enough to transfer the
ion.[73] If a positive ¢§ 6 is appliedto the interfacgit will cause an excess of cations in the water
phase and an excess of anions in the organic phase. The interface will be polarized until the Galvani
potential difference reaches the standard transfer potentiatiodtyilic or hydrophobic iornThe

ion of choice ighe hydrophilic lithium cation thatds ahigh positiveformal ion transfer potential

(0.610 V)[91], or hydrophobic TPBClwhoseformal ion transfer ptentialis even larger. With

Li* in theaqueous phase and TPBIiDIthe organic phase, the use of positive potential will cause

the transfer of lithium ions from the aqueous into the orgaha&se Therefore, if we want to

transfer a particular cation,ntust possess less positive standard potential thaAtlthe negative
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end of the potential windowCF or SO is chosen by default ithe aqueous phase. When we use
sulphate ion irthe aqueous phase, then the window will be limited by the trandféns anion.
Therefore, as above, we must place in the organic phase a hydrophobic cation with a standard
potential more negative than $J-0.600 V) like BA*.[73] Figure 18 shows thecyclic
voltammogram recorded atpolarizableanterface betweethe aqueous solution of LiCl anihe

organic solution of BATPBCI. An area between two dashed lines ipdlagizablepart of the
interface called theotential window t is limited by supportinglectrolyte ion transfetLi™ at

the positive ¢§ 6 and Clat the negative:§ 6 &

Standard transfer potentigk 6{is related to the standard Gibbs energy of trangj%%\ 4from
phasewto phaseo according to Equation (1.3):

A @\ U
Cat-l (16)

CaOUL e

¢) e “results from the difference in the standard molar Gibbs energy of solvation of ions in the

two phases. lons with a large positigeég}j %are hydrophilic and they transfer at aifigs ¢§ 6.

On the contrary, ions with large negative;,) 52}3\ %re hydrophobic and they transérnegative
¢& 6.[70] For that reason, the hydrophilic ioagetransferred from the aqueous to organic phase
whentherequired transfepotential( ¢§ 6> ¢§ 6¢) is appliedby the electrodesThus the transfer

.B s\ .Esgccursat a positive potential, while%od4\ %234 yat a negative potential. The
opposite is true for hydrophobic ions in the organic ph&2.$ %\ 6 2 $ % tdenerate a
current during the positive fomvd scan. Meanwhiles #5 5 o\ $ # sgenerate a curremhrough

thetransferduring the negative forward scffi], [92]
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Figure 18: Blank cyclic voltamogram at the ITIES. Aqueous phase consisted of 10mM LiCl and a
10mM BATPBCI in organic phase. The forward scan was from a less positive to a more positive

potential.

The charge recorded is proportional to the amount of ionic specidisebpotential difference at

which a transfer is observed, gives an indication of the nature of the ionic species transferred.
Therefore, cations transferred from aqueous to organic phase and anions transferred from organic
to aqueous phase give raise he tpositive current and contrariwise anions transferred from
agueous to organic and cations transferred from organic to aqueous give raise to the negative

current[59] Forthese effects to be noticeable, they must be witi@potential window.

1.3.5.Chemical polarization of the ITIES through common ion experiments

The interfacial potentiatan becontrolled by a potentiostat biit can also be sehroughthe
dissoluton of a common ionn each phase, without the use of electrodes.sbhealled ghake
flask fapproach is implemented erase some uncertainties in kinetic parametise, loth phase

electrolytes contain a common ion in differenncentratiosandtheinterface igpolarizedbecause
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ions can freely migrate between the phadgastribution of the ions between phases produces an
electric potential difference between the phases. By initially varying the concentration of the
common ion in aqueous or orgaplbases, we can alter the potential difference and the structure
of the electrical double laye[83] Ideally, the current occurring #ielTIES due to the transfer of

a common ion should not change the interfacial potential difference. According to {Neenst
equation(1.2) the potential distribution relies on the ions separated betwweenmmiscible

phases.

In the case of the common ion approagh,0 is set by the concentration of a common spegjes,

in each phasf4] If for instancean ionlike TMA™ (tetramethylammonium) is dissolved in two
adjusted phases (Fig.9], the distribution of thaibn causes a polarization of the interface. The
Galvani potential difference is named now a distribution potential and is definediagidig(1.2).

In systems comprising the complex formation or ion association can apply this procedure. In such
systems the ion partition equilibrium is shifted to favour phase over thether. To keep the
electro neutrality, this shift is compensatedtiy redistribution of other ior{g0]

The undeniable advantage of using common ion experiments is the greatiilifyoss
DSSURDFKLQJ UHDOLVWLF FRQGLWLRQV DQG WKH SRVVLELOL
IODVNVY H[SHULPHQWYV WKDW HQDEOH DQDO\VHVY WKDW DUH
liquid-liquid extraction [95], the stug of interfacial ion distribution[93], monitoring

electrodeposition at the liquidquid interfacg96] or biomimetic reduction of oxygd87].
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Figure 19: The ion distribution for TMA (tetramethylammonium) as a common ioragueous

and organic phase.

However, when the interface is polarised by the common ion approach, monitoring the potential
and current associated with any chemical reactions is challenging. Such reactions can be followed
visually [98], [99] and by the use of analytical methods (&J¥.-vis absorption spectroscopy).
Recently, potential changes at the ITIES have been monitored by open circuit potential (OCP)
measurements and concentrations were calculated based on thelikeregtiation shown as

(1.2). The extraction of tetraalkylammnium chloride salts from an aqueous phase to the organic
phase (DCE) was explained by examining the OCP at the water/DCE intEr@jef102].

Current changes occurring in emulsions on the ITIES were also followed using
chronoamperometrfl03]. Current spikes assiated with single microdroplets fusion events at

the polarised interface were detected and quantitatively analysed. The number of ions present in a
single droplet was calculated directly from the charge of the corresponding spike. Yet, this method
focusedon current analysista separate study of single fusion events through OCP was later
reported.104]
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1.3.6.Assemblies at ITIES

In recent years, the liguliquid interface has been used as a tool to control the formation of
different types of assemblies e.g. supramolec{d®5] £107], gold nanoparticle$108][88],
phospholipid[109] mesoporous silicfl10], porphyrin[111] £113], proteins[114] £116] and
polyamideq117]. The accumulation of nanostructures at the ligigidid interface is interesting

from theoretical ath experimental approach because these assemblies can act as encapsulants and
have unusual optical, magnetic and electronic properties. These properties are the effect of dense
arrangement in a twdimensions. By creation of such assemblies of copolymergiramers and
surfactants, it is possible to decrease the interfacial tefisl®&£120] Small molecules i.e.
5,10,15,2&etrakis(4sulfonatophenyl) pghyrin (H6TPPS), mellitic acid (MA) and 5,10,15;20
tetrakis(4sulfonabphenyl}21H,23Hporphine manganese(lll) chloride (MnH4TPPS) were
investigated as nanofibrous supramolecular structures stabilized the surfactants at tod water
interface[106] In anotherstudy it was proved that the formation of high molecular weighs
polymers by interfacigbolymerizationis more efficienthan in solutio{107]. The liquidliquid

interface has proven to be an interesting approach forassEmbly of gold nanoparticles
(AuNP)J88] The assembly was formed due to the low surface tension at-pramrene
carbonate (PC) interface tiheabsence of promoters. The liquid nature of the interphase promotes
selthealing making the resulting nanofilms homogeneous at room tempefa@g8k.[121] The

ITIES allowed the control of the interfacial electric field and thus manipulatiorectrethemical

activity [87] and physical positiofi.22] of AUNP. The nodification of the ITIES can increase its
selectivity. Therefore, the formation of mesomgs silicawas performed a micro liquid-liquid
interface. The ITIES allowed to control the interfacial potential and transfer of” CTA
(cetyltrimethylammonium cation) from organic to aqueous phase that worked as a catahest for
condensation of hydrolysektraehoxysilane (TEOS) moleculg¢$10] Interesting observation

was that analysis of the cubes present on the Figlifare the crystals of sodium chlorifiéaCl),

which come from background electrolyteeturningto the aqueous phas8uch modification
increased the stability of the ITIES and further characterizt®®] Functionalization of the

ITIES with solid materials that are not conductive and act as ion exchange membranes may be
used in devices such as lithium batteries or fuel €&118] Using ion transfer at the ITIES, 1.6

DAH (polyamide) films were obtained and were easy to renibi/é]
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Figure 110: 6(0 LPDJHV Rl —,7,(6 PRGLILHGa Lrygtdls \dile QikiBI®INGHS RV L
morphological analysi§l10]

The functionalization of ITIES with biological molecules and its similarity to cell membranes
allows the mimicking of biological systems. Several exsf its use in this way will be
presented. Enhancement of the ITIES with biological molecules and its phospholipids (present in
biological membranes) allowedo mimic biological systems. Interaction between model
phospholipid DMPC (1.2limyristoylsnglycera-3-phosphocholine) with Hand Li" was studied

at waterchloroform interfacg109] DMPC facilitated the transfer of these cations at ITIES and
catalytic transfer of Hto convertthe solar energy was proposed as potentialiGgimn.
Biological application of ITIES was also used form the porphyrins which are part of
chromophores in photosynthetic organisms. The soft interfaces in contrary tdigaodid
interfaces present maeszale homogeneity in partictirface interetions, uniform absorption at
ITIES[111] and reproducibility and seliealing propertig412]. Functionalization of the ITIES

allowed to study the mechanism taking place in inner mdgaodrial membrane. Change of the
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cytochrome ¢ (Cyt) environment lead to modification of conformational plasticity and by the
control of the potential toward wat&iFT interface the adsorption of Cgtwas achieved and its
interaction with lipid membraneas investigate@l14]

1.3.7.Crystallization at liquid -liquid interface

The recent studies have shown that an electric field applied across a biphasit ystescible
solvents resulted in the formation mbrganic crystal§124], [125] organic crystafd26] and
metal organic frameworkEl27], [128] The crystallization of inorganic lkaum sulphate was
performed at the immiscible watdodecane and watectane interfaceid24] SQ:* was in the
agqueous phase and an the organic phase and the formation of Ca$@s achieved.
Additionally, the micro liquidliquid interface allowed the application analytical methods to follow
the gypsumranhydrite transformation. Then, the application of electric field at nanointerface
allowed the control of crystallization of another inorganic sallcium carbonate (CaGj125].
Combinationof experimental and simulatioresults confirmed that the applied voltage was the

driving force for the crystallisation

In other works, the crystallization a@e organic compoundtbicalutamide was monitored at
nanointerface in real tinf[@d29] Under the influence of thapplied electric field the water mixed

with the DMSO containing protonated bicalutamide in the tip of the nanopipette. The solution
becamelocally supersatrated and nucleation occurred. The crystallization of bicalutamide
occurred at a negative potential so the applied bias had an influence on the crystallization at liquid
liquid interface. In other works, the wateit interface was used to crystallize pgims [126].
Lysozyme was crystallizing at the interface between water and various organic solvents. The
protein was dissolved in the aspus phase. Some solvents such as parafilm and silicone oll
inhibited the nucleatiorWhenthe solvents containing halogens supported crystallization at the
interface due to the partial solubility in water and higher polarity than the others. It wasl notice
that at these active solvents first the film is formed, which is followed by the crystallization.
Additionally, the waterDCE interface wagolarized and the applied potential influendée

number of lysozyme crysta{figure 111).
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Figure 111 Lysozyme crystallization on the polarised wdd€ZE interface. Scale bars are 1.47
mm[126]

1.4. Outline of the PhD work

In thethird chaptethe electrochemical properties of Caff and 1H2N were examined by means of
Cyclic Voltammetry (CV), as well as the influence of the other components (LikSiC:, BATB
and BATPBCI)of the two phases on interfacial interactions by AC Voltammetry.

In the fouth chapterthe cocrystallizatiorof Caff. 1H2N at the wateiDCE interface was carried

out. The interface was chemically polarized to study the influence of the applied potential on the
cocrystals formation and polymorphic forms selectibime complexesormed at thdiquid-liquid
interface were analysed Isyngle crystal Xray diffraction SCXRD), powder Xray diffraction

(PXRD), scanning electron microscopSEM) and Raman |[@ectroscopy.

The fifth chapter descrilzesimultaneousneasurementsf the potenal ( (E) and current (i) at

the liquidliquid interface. Kstly, a system was created in which the potential corresponds to
theoretical values in order tase it for electrochemical cells containing caffeine and 1H2N.
Analysis of the electrochemical noideN) provided information on the effect appliedpotential

and indicated differences in thelectrochemicalcells when thecocrystals wereformed at

interphase and whehe conditions imposed stoppedcrystallzation
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In thesixth chapter he composition bthe agueous and organic phases was changed according to
the design of experimen{®oE) method.The resulting cocrystals were analysed by XRD. The
new conditions were investigated by simultaneous potential and current analysis, and the surface
tension beveen phases was studied by pendant dxperimentsin this way, the factors that have

the greatest influence on the formation of the various polymorphs were found.
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2. MATERIALS AND METHODS

This chapter provides information on all the experimental, insgtumental details employed
during the research. Firsthapter2.1 provides a complete list of the chemicals used. Next, in
chapter2.2 are the fabrication and synthesis protocols for the salts used during the experiments.
Finally, chapter2.3 describg the electrochemical setup used during the electrochemistry at ITIES,

and the other instrumentation used in this work.

2.1. Chemicals

Information on the chemical name, purity, abbreviation, CAS number, molar mass, source and

function listed for each chemicased in this research in Table 2.1.
Chemicals are divided into the following sections:

X Aqueous and organic electrolytes

X

Interfacial active species
X Solvents

x Other compounds

The procedure for manufacturing the compounds shown in italics in the table widdsnfed in

chapter2.2.

Table 2.1 List of chemicals used in the study

Aqueous and organic electrolytes
. CAS Molar
Additional o .
Name ] ) Abbreviation regulatory | mass g| Source Function
information
number mol™?
Lithium ) Sigma- Aqueous phase
. . LiCl 744741-8 42.39 )
chloride Aldrich electrolyte
o ) ) Aqueous phase
Lithium sulfate . LioSOu 10377487 | 109.94 | Aldrich
electrolyte
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Hydrochloric

VWR

" 1 mol L? HCI 7647-01-0 36.46 | Chemical pH adjusting
aci
S
) ] Sigma o
Sulfuric acid 95.097.0 % H.SOy 7664939 98.08 ) pH adjusting
Aldrich
L Sigma o
Nitric acid 68.070.0% HNO3 769737-2 ) pH adjusting
Aldrich
Bis(triphenylph
osphoranylideng
Jammonium Synthese| Organic phase
) - BTPPATPBCI - 995.59
tetrakis(4 d electrolyte
chlorophenyl)
borate
Interfacial active species
) Fisher )
Caffeine power Lab Grade Caff/CaffH" 58-08-2 194.19 | Studied drug, API
Scientific
1-hydroxy-2- ] Cocrystal
o 99.0% 1H2N 86-48-6 188.18 | Aldrich
naphthoic acid coformer
Compament
Bis(triphenylph changing the
osphoranylidene Sigma interphase
] 97% BTPPACI 21050135 | 574.03 ] ) )
Jammonium Aldrich | potential; organic
chloride electrolyte
preparation
Component
Potassium changing the
tetrakis(4 Sigma interphase
. KTPBCI 1468077-4 | 496.11 ) ) ]
chlorophenyl) Aldrich | potential; organic
borate electrolyte
preparation
Tetramethylam CV reference;
monum . TMACI 75570 109.6 Fluka interfacial active
chloride species in
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aqueous phase ir
common ion

experiments

CV reference;

interfacial active

Tetraethylammg species in
) ] . TEACI 56-34-8 165.7 Fluka )
nium chloride aqueous phase ir
common ion
experiments
CV reference;
interfacial active
Tetrapropylam L
. . species in
monium 98% TPACI 581042-4 | 221.81 | Aldrich )
. aqueous phase ir
chloride .
common ion
experiments
Tetramethylam Interfacial active
monium species in
) Synthese ]
tetrakis(4 - TMATPBCI - 531.21 q agueous phase ir
chlorophenyl) common ion
borate experiments
Interfacial active
Tetraethylammg o
) ) species in
niumtetrakis(4 Synthese ]
- TEATPBCI - 587.31 agueous phase ir
chlorophenyl) d .
common ion
borate )
experiments
Tetrapropylam Interfacial active
monium species in
) Synthese ]
tetrakis(4 - TPATPBCI - 643.42 q agueous phase i
chlorophenyl) common ion
borate experiments
o . Sigma :
Piroxicam . Pir/PirH+ 36322904 | 331.34 ) Studied drug, API
Aldrich
Piroxicam ) Synthese] 6 WXGLHG
) - PirH+TPBCI- - 789.45
tetrakis(4 d salt, API
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chlorophenyl)
borate
_ o ) AlfaAesa .
Sildenafil citrate . SilH* 171599830 | 666.70 Studied drug, API
r
Sildenafil
tetrakis(4 ) Synthese] 6WXGLHG
- SilH*-TPBCI - 930.71
chlorophenyl) d salt, API
borate
Diclofenac free AlfaAesa )
) . DFA 15307-86-5 | 296.15 Studied drug, API
acid r
Ketoprofene . Ket 22071154 | 254.28 | SIGMA | Studied drug, API
Solvents
Ultrapure
device Aqueous
Water 0 FP H-O 7732185 18.02 from
phase solvent
Elga
Purelab
1,2 Sigma Organic
_ > 99.5% DCE 107-06-2 98.96 ]
dichloroethane Aldrich phase solvent
Sigma Organic
Trifluorotoluene 99% TFT 98-08-8 146.11 ]
Aldrich phase solvent
99% Organic
Anisole A 10066-3 108.14 | Aldrich
anhydrous phase solvent
Carlo
Methanol > 98% MeOH 67-56-1 32.04 Solvent
Erba
Carlo
Acetone > 998% ActOH 67-64-1 58.08 Solvent
Erba
Other compounds
Iron (111) Fisher Silver wire
. 97% FeCk 7705080 | 162.20 L o
chloride Scientific oxidation
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Glassware
Chlorotrimethyl . ) 25774 108.64 Sigma silanization
silane (GC) Aldrich
2.2. Standard transfer potentials

In thischapter the standard transfer potentials of ions used in the work as references (TMA, TEA,

and TPA or in shakeflask experiments are listed.

Table 2.2:Standard transfer potentiglg§ 64 of ions in 1,2DCE.

lon & Reference:
V
Li* 0.610 [91]
CI -0.491 [130]
K* 0.534 [91]
TEA* 0.044 [131]
TPAY -0.090 [132]
TMA* 0.160 [133]
TPB 0.307 [91]
TPBCI | 0.590 [134]
B 0.700 [135]

2.3. Protocols
A priori the salts of selected drugs were prepared in the reaction of metathesis.

Table2.3: Metathesis reaction of selected salts with tetrakisHbrophenylborate)
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Tetraalkylam

PiroxicamH™ | SildenafilH"- _ o _
_ ) monium- Bis(triphenylphosphoranylid
-tetrakis(4- tetrakis(4- ) _ _
Salt tetrakis(4- ene)ammonium tetrakis(4
chlorophenyl | chlorophenyl
chlorophenylb chlorophenyl) borate
borate) borate)
orate)
Abbrevi _ )
i PirH *-TPBCI | SilH*-TPBCI | TAA*-TPBCI BTPPATPBCI
ation
TAACI (0.110
Piroxicam Sidenai g of TMACI,
ildenafi
(05g)was | 0.166g of
dissolved in Clt;ie‘r(;:cgr) TEACI and
andK*
250 mL 0522 9) 0.222g of BTPPACI (1.157 g) and
MeOH and ~eed TPACI) and K*TPBCI (1.000 g) were
N were
1 K*TPBCI dicsolved | K*TPBCI | dissolved in 10 and 20 mL 2:
issolved in
(0.676 g)was 10 and 20 oL (0.500 g) were MeOH: HO solution,
: . an m
dissolved in dissolved in 10 respectively.
20 mL 2:1 2:1 MeOH:
mL 2. .0 soluti and 20 mL 2:1
MeOH: HO | ™ SO:t'Oln’ MeOH: HO
: respectively.
solution. P y solution,

respectively.
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PirH" and the
solution of
K*TPBCI

were mixed
and mixed on
magnetic
stirring
around 30
min.

Methanol was
removed by
using rotary

evaporator.

The
K*TPBCI
_ TheK*TPBCF
solution was )
_ solution was
added while _
The pH of o added dropwise )
_ _ stirring to _ o The K*TPBCI solution was
PirH" sdution _ while stirring to _ _ o
solution of _ added dropwise while stirring
was changed _ solution of _
SilH*, to solution of BTPPACI,
to 2 (pH = 2) ] TAACI, _ _ .
_ forming a _ _ forming a white precipitate.
by adding 2 _ forming a white o o
white . The stirring was continuing fo
mL of 37 % . precipitate. The
precipitate. o 2h
HCI. o stirring was
The stirring o
continuing for 2
was
o h.
continuing for
2h
The acidic
solution of

The solution was then filtered under vacuum for about 30 min
in this way the solvent was removdde producbbtained was
transferred to a dry beaker, then covered with aluminium foil

kept in a desiccator overnight.
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The reaction product was then dissolved in acetone and the solatsdittered
4 under gravity using filter paper. The beaker was coveredpatafilm and holes

were made to allow the acetone to evaporate

The crystals were washed with a 1:1 mixture of Aceton@, Hiltered under

5
vacuum and placed overnight in a desiccator.
5 The obtained crystals were stored in a refrigerator, with tmpleavial covered
with aluminium foil to prevent degradation caused by exposure to light.
2.4, Instrumentation

Information about the instrumentation used in the research will be dissected in this chapter.

2.4.1.Electrochemicalmeasurements

Information about thelectrochemical techniquassed in the research will be dissected in this

chapter.

2.4.1.1Electrochemical setup

All measurements were performed in a custom madedtaaetrode glass cell with an interface

area of ~1.13 cfaPlatinum mesh was used as the countatr@ldes. Ag/AgCl and Agg.SQu

wires as reference electrodes in both phéBes 2.1) To avoid exposure to the aqueous phase,

the organic phase counter electrode was previously covered with borogjlasgd he Ag/AgCl
electrodes were home made by dation of silver wire in a saturated FeGblution and
Ag/Ag.SOQ: were made by the electrochemical oxidation of silver. Two sets of reference and
counter electrodes were present, one for the aqueous phase and one for the organic phase. A more

detailed exmnation of the electrochemical system was given in Chagger 1.
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Figure 21: Four-electrode electrochemical cell. €&nd CEy correspond to the organic and
aqueous counter electrode and R&hd RE represent the organic and aqueous reference
electrodestespectively. I+taqueous phas@v); 2 torganic phas€o); 3 torganic reference phase

Z 14 +LLI between the organic and organic reference phasesT3ES.

2.4.1.2Cyclic Voltammetry

The potential difference across the water/organic solvent interfaceontislled with an Autolab
potentiostat PGSTAT302N or PGSTAIDO controlled by NOVA software (Version 2.1).
Examined compounds were dissolved in aqueous and/or organic phase electrolyte solution before
filling the cell. A4,2-DCE was used as an organic\va&ait in each experiment. The volume added

to the cell in each phase was always exactly 2.5 mL. The organic phase reference electjode (RE
was immersed in its aqueous reference solution of LiCl and BACI. Cyclic voltammograms were

plotted using the Galvarsicale so that the results were comparable. The standard potential was

calculated based on the hathve potentialke,' ° € oof TMA*[133], TEA[131] and TPA[132]
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and obtained by adding a predetermined concentration of the ehfaiidof TAA to the cell for
each experiment. The Galvani potential differencg ¢; was calculated according to the

equation:
8 x4 _ 156
(,g 0 E Cg ol'ooe i E < joo 6 (21)

Where ¢' is the potential difference between the reference electrodethan 7 foo 6 is the

standad transfer potential 6FMA*, TEA" or TPA" as given in Table 2.1

The pH was adjusted by addition of HCI, HN&nhd LiOH. All measurements were carried out at
URRP WHPSHUDWXUH f& 6FDQ UDWH ZDV P9V

Scheme 2.1The general electrochemical cetnfigurations

Electroche .
' Ref 1: (w) (0) Z1 Ref 2: | Information:
mical cell:
5mM 10 mM X = Pir,
. 1 mM X .
LiCl BACI PirH*-
1 Ag/AgCI 10 mM AgCl/Ag
X mM 10 mM TPBCI
BATPBCI _
HNO3 LiCl x=0,0.1, 10
1mM
5 mM ) 10 mM
. SilH+-
Li2SO4 BTTPACI
2 Ag/Ag2S04 TPBA- AgCl/Ag | x=0,0.1, 10
X mM 10 mM
10 mM
H2S04 LiCl
BATPBCI
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Ag/Ag2S04

Ag/AgCl

Ag/AgCI

Ag/AgCI

1 mM
Sil-

5mM
Li2S0O4

X mM
H2S04

X mM

Ket-

10 mM
LiCl

10 mM
LiOH

X mM
Dic-

10 mM
LiCl

10 mM
LiOH

1mM

CaffH*

10 mM
BATPBCI

10 mM
BATPBCI

10 mM
BATPBCI

10 mM
BATPBCI

10 mM
BTTPACI

10 mM
LiCl

10 mM
BACI

10 mM
LiCl

10 mM
BACI

10 mM
LiCl

10 mM
BACI

AgCl/Ag

AgCl/Ag

AgCl/Ag

AgCl/Ag

x=0,0.1, 10

x=0,10,0.1
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10 mM 10 mM X = HC|,
LiCl LiCl LiOH
y mM x
1 mM
1H2N 10 mM
10mm| 10mm BACI
7 Ag/AgCl _ AgCl/Ag
LiCl BATPBCI 10 mM
10 mM LiCl
HCI
x=0,1
X mM X = LiCl,
CaffH* 10 mM Li»SQu
ymM 1H2N | BACI
8 Ag/AgCl | 10 mM AQCIAgl y=0,1
X 10 mM Y 10 mM
LiCl Y=
BATPBCI,
BATB

A more detailed explanatn of the electrochemical system will be described in following

Chapters
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2.4.1.3Alternating Current ( AC) Voltammetry

AC voltammetry experiments were run usargAutolab potentiostat PGSTAT302N or PGSTFAT

100 controkd by NOVA software (Version 2). Parametes for the AC experiments were as

follows: interval time +£0.125 s, frequency (ft1 Hz, step potentiakt5 mV, amplitude (A): 10

P9 506 7KH SRWHQWLDO UHJLRQ ZDV VFDQQHG DWW®a&DVH DQ.
calculated from the currents ltained at phase anglé fandi f, using the following
equationl36]:

oL P=FL (2.4)

The total impedance (Z) was calculated as follows:

o

<L —— (25
8§ >U

It includesreal (Z&e) and imaginary (&) parts:

<t gL <? KOO (2.6)

<asL <OBJ (2.7)

The real part is related to the resistance of the solution and the imaginary part of the impedance

expresses the interfacial capacitance (C), which can then be calculated:

%L ;g (2.8)

where i L t & BC can then be plotted as a functafrthe applied interfacial potential difference.

2.4.2.X-ray diffraction

7KH 3;5' PHDVXUHPHQWY ZHUH SHUIRUPHG XVLQJ D 3DQDO\WL

with a Cu tube, a Ge (111) incideBHDP PRQRFKURPDWRU .. c Ul

programmable divergence and astatter slits, the irradiated area was fixed to 10mm x 10mm

DQG DQ ;94HOHUDWRU IDVW GHWHFWRU 7KH ;Y&4HOHUDWRU
"7 ZLWK f DFWLYH OHQJWK 7KH UHMX W LIDJ S RZ @/HW FAD
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background Xray holder because of relatively small amounts of powdef50L@Ong). Data
collection was carried out in the scattering angle range 8 ZLWK D f VWHS RYHU

The single crystal Xay diffraction (SCXRD)measurements were performed usin&igaku
Oxford Diffraction 4circles SuperNova diffractometer with a microfocus Molybdenum anede X
UD\ VRXUFH ZDYHQHQJWK 0k DQG DQ $WODV &&' GHWHFWRU

determination was carriezlit at room temperature.

2.4.3.Raman Spectroscopy

([ SHULPHQWDO 5DPDQ VFDWWHULQJ VSHFWUD ZHUH FROOHFW
confocal microspectrometer, equipped by a laser wavelength of 532 nm, a grating of 1200 grooves

per mm, a CCD deteat@ooledat f& DQG DQ (GJH ILOWHU DOORZLQJ VSHF
cntt. The laser beam was focused on the sample by an 80X objective with a long working distance

of 7 mm and a numerical aperture of 0.90. Excitation irradiance at the sample ouas @00

W.cni?, which avoided any laser heating of the sample. Exposure time was 2 seconds and 5 spectra
were averaged for increasing sigt@inoise ratio. Raman spectra were collected in step scan mode

from 70 to 3200 or 3600 chdepending on the saneplThe final spectral resolution was closed

to 3 cm' using this grating. At least 10 spectra were collected for each sample and we checked

that the spectra were identical, indicating that the samples were quite homogeneous

Densityfunctional theory (DFT calculationg(performed by Manuel Dossofjere made by the
method of the DFT calculation at B3LYP 6311G++ (3d, 3p) level in gas phase. They were used to
optimize the geometry of caffeine and 1H2N molecules, and the cocrystal involving a 1:1 complex
betwesn these two components. Vibrational spectra were calculated once the geometry was
optimized, and no negative frequency was obtained, indicating a good convergence of the
calculations. The aim was to compare the Raman active vibrational modes obtaimadesxpéy

and by a computational quantum mechanical modelling method. DFT computation and correction

of the calculated vibrational wavenumbers by the following quadratic scaling function:

ool Frarrrsrdodprdz{\& an (2.20)
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Where &, s ¢ dgsthe corrected Raman shift in ¢mand & g galc is the calculated DFT Raman
shift.

2.4.4. Thermal analysis

Thermal analysis was carried out using Differential scanning calorimetry (O®€jmograms
wererecorded in a nitrogen atmosphere usimifi@rential scanningalorimeterequipped with a
high sensitivity HSS®robe from MettleiToleda The heating rate wd$) Kmin™. Samples were
SUHSDUHG LQ O TheOIQ Frig @i Bivdgnwas accunateleighted for each
sample.The range of temperature was frem f & WR f&

2.4.5.Multi -well crystallisation apparatus

A multi-well crystallisatiorhomemade device (commercial equival&tACRISMAT) allowed
the analysis of the interface in the 2 mL vidlfiey were storedh a thermostato maintain a
constant room temperature. The vials were placed on a motorised XY table,thddikon
Eclipse TE200Gnicroscope equipped with a CCD camérabview software allowedbservation
on screen and manual or anatic acquisition of image&nage acquisitions were performed in

sequences both automatic and periodic (30 minutes and 16 h).

2.4.6.Scanning Electron Microscopy (SEM)

Scanning electron microscopy micrographs were obtained using a JEOBU@Macceleration
voltage of 15 kV).
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3. ELECTROCHEMICAL PROPERTIES OF SELECTED IONIC
DRUG

In this chapter, cyclic and AC voltammetries were used to determine the electrochemical behaviour
of the molecules of interest at the interface forietlveen amrganic phasé an aqueous phase.

The ITIES allovedthe application of an external potential that can induce the transfer of the ionic
species through the interfd68]. Preceding the preparation of-coystals, it was necessary to
perform the screening of the API and coformers, which comply with both: (i) the regulations of
the creation of pharmaceutical cocrystals as well as with (i) the rules governing the
electrochemistry at ITIES. The studied drugs were already examined in the topic of pharmaceutical
cocrystals formatid7], [40], [137]4143]. For the purpose of the study, four drugs with low
solubility in water (piroxicam, sildenafil, diclofenac and ketoprofene) and one with high solubility

in water (caffeine) and chemical structure proper for creation of cocrystedsselected. Features

that were mainly considered were: (i) water solubility,gmphiphilicproperties with 0 < log P <

3, (iii) electrical charge and (iv) selected chemical groups to create cocrystals. The most promising
ion was caffeine and its eleothemical behaviour will be discussed at the ITIES. The

electrochemical behaviour of the other ions envisaged are given in Appendix 1.

A priori the salts of selected drugs were prepared in the reaction of metathesis, as described in
Table 2.3 in the Chaet 2.3. The metathesis reaction was first carried out because the original aim
was to transfer poorly soluble drugs such as piroxicam and sildenafil from the organic phase to the
agueous phase. In the nonpolar phase, these drugs exist in a neutral ®metdihesis reaction
yielded a salt with TPBCés a counter ion. Thus, the drugs studied could be soluble in the organic

phase in an ionic form.
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Table3.1: Chemical parameters of the chosen drugs#{ieutral, C xcation, A +anion).

Water
Drug name | Abbreviation | pKa | Charge | Log P | solubility [mg ¢§ 6[V] | Reference
L]
Piroxicam Pir +/+-/- 23 C.0.016 [80]
5.46 3.06
6.78 N: C:-0.005
Sildenafil Sil +/N/- 433 [144]
9.12 3.75 A:-0.115
Diclofenac DFA 3.99 N/- 3.24 2.37 -0.124 [145]
Ketoprofen Ket 3.88 N/- 3.12 5.1 -0.270 [146]
_ 10.4,
Caffeine CaffH" 14 + -0.1 21700 0.390 | [37], [147]
1-hydroxy-
2-naphthoic 1H2N 3 N 0.228 - [57]
acid
3.1. Electrochemical behaviour of the skected lipophilic cationic drugs

Previous studies on the behaviour of piroxicam at the ltjgidd interface have shown that in

the presence of piroxicam in aqueous or organic phase there is no actual drug transfer but we
witness the facilitated protortransfef80]. Such transfer takes place via an interfacial
complexatiordecomplexation mecham. However, in the previous studies were carried out
using piroxicam salt and its derivatives and no attempt to create the salt was performed.

PH'TPBCI was obtained in metatheses reaction described in Table 2.3Qhmapter2.3.
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3.1.1.Cyclic voltammetry study of piroxicam (Pir) transfer

Cyclic voltammetry was performed in electrochemical cell 1 Scheme 2.1. 1 mM of piroxicam salt
(Pir) was added to the organic phase (Electrochemical cell 1 X = Pir). We adjusted pH to be acidic
to select the conditions needfed the transfer of PirH Firstly, taking a look at the results with
neutral form of piroxicam (Fig3.1a), we could observe that the peaks do not correspond to the
conditions fulfilled by peaks that genuinely represent a transfer to ITIES and was thigher
characteristic peato-peak separation (59 mV) for the ion transfer at the LLI. In addition, the
peaks were not constant when changing pH. In the Figlibe\®e observed thag§ ¢ increased

with pH, suggesting that no direct Pirlén transfer was taking place in the potential window. The
phenomenon that we observe here was indeed due to the facilitated proton transfer[@])TIES

Figure 31: (a) Cyclic voltammogram of Pir at the liquidjuid interface at various pH. (b}§ 6
dependence on the pH. Qmamtration of piroxicam in the organic phase = 1 mmol. L

Electrochemical cell 1 i€hapter2.4.1.2; X = Pir. Scan rate: 5 mV's

In Figure 32a cyclic voltammograms after the addition of 1mM piroxicasAH TPBCI to the
organic phase (Electrochemicalicl Scheme 2.1 X = PHIPBCI) are drawn. Analogically, peaks

do not have a corresponding 59 mV difference between maximum and minimum current,
indicating theirreversible charge transfat the ITIES. We could observe that thg 6 increased

with pH (Fig 3.2b), suggesting that no Pitkbn transfer was taking place in the potential window
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due the facilitated proton transfer. Piroxicam as well agh@salt PHTPBCI did not transfer
across the interface and remainedtba organic side of the interface throughout the potential

window.

Figure 32: (a) Cyclic voltammogram of PirHat the liquidliquid interface at various pH. (b)
¢& 6° 8dependence on the pH. Electrochemical cellChapter2.4.1.2; X = PirH TPBCL. Scan
rate: 5 mvs.

3.1.2.Cyclic voltammetry study of Sil and SilH-TPBCI"

In this chapter, we presented electrochemical transfer experiments 6fT®BCI on ITIES and
monitored the effect of pH on the behaviour of the cation across ITIES-BRBCI was
examined in the 0 < pH < 2 range according to the electrochemical cell 2 Scheme 2.1 and the
following transfer potentials are outlined in the Figur@ga3The effect of pH on the ion transfer at

the ITIES was studied in the view of obtaining a ¢tansstandard potential. Firstly, taking a look

at the results of transfer of Sildfom organic to the aqueous phase (Biga black, red, blue and

green lines) we observed a decrease of standard potential along with increasing. [@3l{}ig
suggestinghat proton facilitated transfer was taking place in the potential window' &itHhot

also transfer across the interface from the aqueous to organic phase throughout the potential
window (Figure 33a grey line) what does not correspond to the dataaswd in the following
article[144].
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Figure 33: (a) Cyclic voltamogram of SilHTPBCI at various pH: 0.49; 0.89; 1.46; 1.96
(Electrachemical cell 3) and 1.19 (Electrochemical celtdontrol); (b) ¢& 6 dependence on the
pH. Scan rate 5mVs

To indicate if there is indeed a transfer of SillHere is need to perform the experiments on the

smaller scalet—, 7, (6

The selected lipophilic cationic drugs: piroxicam and sildenafil do not transfelrlES. The
cocrystallizaion may be achieved by the use of the conformer which transfer at ITIES in aqueous

phase.

3.2. Electrochemical behaviour of selected lipophilic anionic drugs

3.2.1.Cyclic voltammetry study of ketoprofen (Ket) transfer

Cyclic voltamméry was performed to verify the transfer of Kat the liquidliquid interface (Fig
3.4). Unlike the previous drugs, ketoprofen is a weak acid and will be tested as an anion at alkaline
pH 10 (Scheme.1l Experimental cell 4)Ket transfer from aqueoushpse to organic phase was

performed in electrochemical cell 3 in scheme 2.1. On Figdree@ observed the transfer of Ket

. 5
at low electrochemical potential. Thg; 6 A\g% was hidden by the transfer of the anions creating
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potential wirdow. Therefore, it was calculated by subtraction of the baseline and its value was
0.260 V. The peako-peak separation corresponds to the classical value ~ 59 mV at th¢ 1 T8ES
which is expected for the reversible transfer of an ion with a single chéet@profen can &

considered as an API for cocrystal formation dsamsferredat the ITIES

Figure 34: Cyclic voltammogram of Keoprofest pH 12 according to electrochemical cell 4.
Scan rate 5mV&s

Ketoprofen can be considered as an API for cocrystal formasiagintransferred at the ITIES.
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3.2.2.Cyclic voltammetry study of diclofenac (DFA) transfer

Cyclic voltammetry was performed to verify the transfer of DBAthe liquidliquid interface
(Figure 35). DFA represent similar properties as ketoprofen and itweak acid and it will be
tested as an anion at alkaline pH. DRAansfer from aqueous phase to organic phase was
performed in electrochemical cell 5 in scheme 2.1. On Figére&observed the transfer of DFA

. 5
at low electrochemical potenti@below 0 \). The ¢5 dl/zvfg was-0.124 V. The peako-peak
separation corresponds to the classical value ~ 59 mV at the[IBAI&Svhich is expected for the
reversible transfer of an ion with a single chae&lofenac can be considered as an API for

cocrystal formation as itransferrecat the ITIES

Figure 35: Cyclic voltamogram of DFAt pH 12 according to electrochemical cell 5 Scheme 2.1.
Scan rate 5mV&s
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Diclofenac can be considered as an API for cocrystal formation as it transferred at the ITIES.

The seécted lipophilic anionic drugs transfer at ligdiguid interface. However, to obtain the
cocrystals at ITIES the experiments with conformer in agueous or organic phase need to be
performed.

3.3. Electrochemical behaviour of hydrophilic cationic selected drg

3.3.1.Cyclic voltammetry study of caffeine transfer

Figure 3.6:Cyclic voltammogram of caffeine transfer at the ligliggiid interface before (grey)
and after (red) subtraction of blank (black). Electrochemical cell 2. Insert image: control

experiments cdirming the absence of naphthoic acid transfer. Scan rate: 5'mVs

Cyclic voltammetry was performed to investigate the transfer of caffethdld8N at the ITIES

(Figure 36). The experimentgbart is described ihapter2.4.1. The transfer of caffeinevas
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performed in pH 2 to be sure that most of the caffeine is present in aqueous solution in the cationic
form (electrochemical cke Scheme 2.1). The peak indicating caffeine trarisféro® ¢ L 0.39V)

is visible when the baseline is subtractiee to the overlap of caffeine transfer with background
electrolyte ion transfefLi*, H")[149]. The peako-peak separation corresponds to the classical
value ~ 59 mV at the ITIEEL48], which is expected for the reversible transfer of an ion with a
single charge. Cyclic voltammetry showed that caffeine is transferred at high potentials,
corresponding to the Nernlite equation (Eq. B), according to which hydrophilic cations are
transferred at high interfacial potentia@®n the Figure &, the peak corresponding to the transfer

of TPA" was also visible and used as a reference as explai@hjpter2.4.
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Figure 37: Cyclic voltammetry of caffeine transfer at various pH = 2, 6 an@ ddcording to the
electrochemical celb x = 10, X = HClfor pH 2,x = 0, X =- for pH 6 andx = 10, X = LiOH for
pH 11.6. Scan rate 5mVs

The pH of the aqueous solution wagigd to examine its effect on the transfer of caffeine
(electrochemical cell 6 Scheme 2.1). At pH higher than 2 we did not observe such a big difference
between the blank (black line) and when 1 mM of Caffeine was added to the cell (red line). Two
explanaibns are possible here. First is that caffeine does not transfer at higher pH and the second
is that the window is not sufficiently large to observe the caffeine transfer and it can be hidden by
the transfer of very hydrophilic cations e.g’ Bhd H in case of lower pH149]. Thanks to the
studies of caffeine transfer at various pH we could shdbe most suitable conditions for cocrytal
formation at ITIES. The further experiments were carried out at pH 2 to be sure that most of the

caffeine was protonated and the cationic caffeine was transferred at LLI.

Figure 38: Cyclic voltammetry of 1H® at pH = 2 according to the electrochemical cell 7. Scan
rate 5mV4g. Blankline *blank, red line+1l mM 1H2N.
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1H2N was chosen as a drug conformer for API caffi2dg. [40] The electrochemical behaviour
of naphthoic acid was examined in the electrochemical cell 7 Scheme 2.1. Figure 3.8 indicated that
no transfer of 1H2N was observed in the control experiments.

Because it does not transfer across the ITIES, 1H2N is a good candidate as a drug coformer for

caffeine for the formation of cocrystasthe liquidliquid interface

3.3.2.Voltammetric investigation of the interfacial interactions between
1H2N and Caffeine

Possible interactions between Caffehd 1H2N at the ITIES were investigated in different with
various organic and aqueous background electrolytes (Lie$Qij BA'TPBCI and BATB)).

Cyclic voltammograms in the tw possible combinations of etealytes are shown in FigureSs.

When both Cafffiand 1H2N are present, the positive end of the potential window is limited by
the presence of Cafftilwhereas the negative end of the potential window is set by the presence
1H2N. The fact that the electrochemical behaviour is the same in the presence or in the absence of
1H2N indicate that the transfer of Cafflis not facilitated by 1H2N. AC voltammetry is more
sensitive to phenomena taking place at the interface théa egttammetry, so it was further used

to characterise the interface when caffeine and 1H2N are present incthecklemical cell.

In Figure 39, the AC voltammograms were recorded in the potential region where there was no
background electrolyte iomansfer nor Cafffitransfer €0.15 < ¢§ 6 < 0.15 \). The differential
capacitance (C) was calculated on the basis of@lammetryaccording to equations {@hapter

2.4.1. The potential of zero charge (pzc) was the potential for minimum capaeipactance
measurements are relatecchange in surface charge adsorbed at the liquid/liquid intefrfadé

At more negative potentials, the negatorearge (anions) is accumulated on the aqueous side of
the interface and cations accumulate on the aqueous side of the interface at more positive
potentials. The experiments were performed at neutrdppt:= 6)to visualise the interaction of
CaffH" with the anions present in organic phase. The parameters that have been considered are the
difference in hydrophobicity of the anions present in the organic phase, Bpabinilicity of CI

and SO4.
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(d)

Figure 39: Potential dependencef the interfacial capacitance for various conditioaad
corresponding cyclic voltammograrascading to Electrochemical cell he experiments were

performed at neutral pH (pH =)6

When LiCl was used as a salt in the aqueous phase and the orgamic@hi@ined BATPBCI
(Figure 39a), the pzc shifted to lower potential values from 0.035 to 0.012 V and (red line) with
the addition of CaffH, to 0.015 V with the addition of 1H2N (bldi@e) andto -0.004 V when

both 1H2N and CaffH are present (greennk). The capacitance at the pzc did not change
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significantly between all the experimental conditions. However, wpgi increased to more
positive values, C was higher when Cadffddlone, 1H2N alone and both 1H2N and Caffkere
present in the aqueous phase. These results suggest that these two moleautes amially
active. 1H2N and CaffHinteracted througthe interface, before CaffHransfer. However, these
interactions do not lead afacilitated transfer of CaffH as it was observed in cyclic voltammetry

experiments.

When BATPBCI was replaced by the BATB the organic phase, (Figure9B), a similar
behaviour of the pzc values was observidte pzc shifted to lower potential values from 0.002 to
-0.031 V and (red line) with the addition of CaffHo -0.015 V with the addition of 1H2N (blue
line) andto -0.027 V when both 1H2N and Cafftdre presenfgreen line). However, the shift in
pzc values was accompanied by an increase in capacitance. The differential capacitance values
YDULHG IURP? EOBQMPH[SHULPHY®aWH" WR —)FR)H2R) and

— ) HeaffH" and 1H2N).

LioSOs was then used as background electrolyte of the aqueous phase while the organi@aphase
comprised 65 mM BATPBCI (Fig 3.9c) or 5 mM BATB (Fig 3.9d). When BATPBCI is used as
backgrounckelectrolyte, thgzc values increased with the addition of 1H2dIim 0.034 to 0.066

V (in the absence of Cafffjf and from 0.015V to 0.104 V (in the presence of CaffH
$GGLWLRQDOO\ ZH REVHUYHG WKH JURZWK RI| PaiFA WDQFH
— ) F2Pfor the cells without 1H2N in the organic ea(dack and red lines of Fig.9c) to 11.3

— )PP QG “Z(hjireRand green lines of Fi§.9c) for the cells where 1H2N was present

in the organic phase. When the organic phase contained 5 mM BATB, we observed that the
interface both in terms @izc and capacitance was a lot let less disturbed by the addition of either
CaffH*, 1H2N or bythe addition of both (Fig3.9d). Indeed, the pzc was, in the absence of 1H2N
0.025 V and 0.023 V (htk and red lines of Fi®.9d) and was shifted in the preserof 1H2N to

0.066 V and 0.045 V (be and green line of Fig.9d), respectively. The capacitance decreased
PLQLPDOO\ FRPSDULQJ WR WKH FHGDW G LW KibpaPand red lURP
OLQH WR? DQG)FP Zbjerand green lig). The changing differential capacitance

and pzc depended strongly on the composition of aqueous and organic phase. The various ion
present in both phases tended to create ion pairing at Bd@&en S¢¥ and cations from organic
phasg150]
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Another important remark is that the differences between differential capacitance and pzc values
are more visible when 1H2N and Caffldre in the vials. It suggested that there are interfacial

interactions between these components.

The impact of the organic phase anion was also evident. When ‘Caéfsl absent in aqueous
phag, in case of BATPBCI (Fig. 8a and c) in the organic phase we observe bigger shift of pzc
towards negative potential which is not noticeabléhe cells with BAB (Fig. 39b and d). This
indicates that positively charge caffeine @sorbed at the interfacd his data agrees with these
other studiesf positively charged proteifisl4], [116]and positively charged nanopartigEsl].

What is interesting this behaviour is not visible when 1H2N is present in the organic phase. Then,
after CaffH addition the potential shifts to more positive values. In this case we have the
accumulation of negatively chay®nsat ITIES and cations are repulsed from the interfab6€]

For the cells comprismBATPBCI in the organic phase, the capacitance attained smaller values
in the experiment with Cthan S@?* which is notin agreement with the previous wovkere

there was no significant difference between these two api@®. In the cells with LIiCl the
differential capacitance and pzc have lowaues for BATPBCI than in the cell with BATB36],

[153]. In the presence of 13Os we had the reverse situation. The difference may comeiéom
pairing at the liquidiquid interface. When CaffHis presence in th@queousphase, the
capacitance is higher in the cells with BB Tue to the possible ion pairing between the caffeine
cation and TBanior{152]. In the blank experiment the differential capacitance seemed to be
independent othe anions present in aqueous and omgyphasdq153], [154] In the absence of
1H2N the differential capacitance differed less significantly at positive potentials than in the vials

where 1H2N was a part of the organic phase.
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Figure 310: Potential dependence of the interfacial capacitance for various conditions according
to Electrochemical cell 9: (ablank (F B, (b) Caff( F B, (c) IH2N(F B, (d) Caff/IH2N( F B.
LiICI/BATPBCI (FB, LIiCI/BATB (- - -), Li:SQ/BATPBCI A AIA,SQ/BATB (- AA.The

experiments were performed at neutral pH (pH = 6)

For the electrochemical cells containing BATPBCI in the organic phase, the differences in
capacitance araot in agreement with what was observed before that there was no aigmnific
difference between Gind S@? [153], thaefore the influence of other comportments must change
the capacitancdn the electrochemical cells with LiCl the differential capacitance and pzc have
lower values for BATPBCI than in the cell with BATB36], [153] In the presence of 13O, we

had the opposite situation. The difference may come from the ion pairing at thelitigidd

interfaceinvolving anionsin aqueous phase andtionsin organic phaseNVhen CaffH is presence
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in the aqueous phase, the capacitance is higher in the cells with BilayBedue to the possible
ion pairing between the caffeine cation and @Bion[152].

According to Figure 30 b and c, there were more significant differences in ghe and
capacitance when 1H2N was part of the experiments than when there was only organic electrolyte
present in organic phase (FiglGa and b)In the absence of 1H2N (Figl®a), the pzc was lower
than when 1H2N was present in the electrochemical(legl 3.10b) which indicated that 1H2N
played role in the interfacial phenomena. In the absence of 1H2N after addition of (FH
3.10b), the pzc shifted toward lower potential where in the presencd2if 1ts value increased

(Fig 310d). Positivelycharged CaffH in the aqueous phase caused the drop of the potential for
minimum capacitance. The capacitance did not change significantly after the addition of CaffH
when there was no IHN in the organic phase (FiglBb). On the contrary, in the presencf
1H2N and CaffHithere was a decrease in the capacitance in the cells with,8@; (dottedand
dashed/dotted lines Figl®d) indicating rise in the charge located at the interface.

3.4. Conclusion

This chapter provided information on the electrocioairbehaviour of selected drugs at the ITIES.
The results obtained proved that piroxicam, sildenafil did not transfer across the dMtES
therefore,are not the best candidates for the electrochemically controlled cocrystallization of

drugs.

The choserweak acids, ketoprofen and diclofenac were transferred across the ITIES at low
potentials and seemed to be good candidates for the electrochemically controlled cocrystallization
of drugs. However, due to the low solubility in water they will be furthemaxed as the

compounds of the organic phase.

Caffeine turned out to be the best candidate for the electrochemically driven cocrystallization. It
is transferred across the ITIES and it is very water soluble. By verifying the behaviour of caffeine
at different pHs, we chose pH 2 as the main and best conditions for further caffeine research.
Additionally, 1-hydroxy-2-naphthoic acid, the suitable conformer for caffeine studies did not

transfer at ITIES, which made it a suitable conformer for cocrystallizptiocess.
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The behaviour of CaffHand 1H2N at the ITIES were followed by the series of cyclic and AC
voltammetries experiments in various conditions of background electrolyte. The goal was to
investigate the interaction at the ITIES between these compbynseof various aqueous (LICl,
Lio.SQy) and organic (BATPBCI and BATB) electrolytes. We remarked different behaviour of
CaffH" in absence and in presence of 1HAMe fact that the electrochemical behaviour is the
same in the presence or in the absend¢i@N indicate that the transfer of Caffls not facilitated

by 1H2N The increase of§ 6 causedtapacitanceise, when CaffH alone, 1H2N alone and both
1H2N and CaffH were present in the aqueous phase. These results suggest that these two
moleailes are interracially activ@.he differential capacitance and pzc also varied depending on
the conditions used during the experiment. In the following chapter, the cocrystallisation of CaffH
and 1H2N will be investigated at an interface composed of &8Can aqueous electrolyte and
BA*TPBCI as an organic electrolyte.
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4. ELECTROCHEMICALLY CONTROLLED
COCRYSTALLISATION OF CAFFEINE : 1-HYDROXY -2-
NAPHTHOIC ACID

We propose here the cocrystallisation of caffeine with organic carboxylic acids at the interface
between two immiscible electrolyte solutions (ITIES). Electrochemistry at the ITIES has been
harnessed in recent years for the electrogeneration of a variety of materials such as Au nanoparticle
assemblie§d7] amorphous mesopoaus silica[155] porphyrin films[111], [113] protein
depositd,116], [126] and polymer filmg117] In those previoustudies, a potential difference,

¢& 6, was applied across the -ilter interface. This electrical driving force triggered a charge
transfer, either ion or electron transfer, across the interface and led to material electrodeposition at
the interface. We have investigated here thatrol of cocrystallisation of two reagents of
mismatch solubility by the imposed potential difference at thevaikr interface. The system
comprised caffeine (Caff) as a hydrophilic compound present in the aqueous pha$e @kt
2-naphthoic acid (Hi2N) as a coformer present in the oil phas@;dichloroethane (DCE). The

effect of chemical polarisation of the -e¥ater interface on the polymorphism of the cocrystals

formed was also explored.

4.1. Control of the interfacial potential difference by chemial

polarization

On the Figure 4.1 the experimental set up is presented. It consisted of two immiscible solutions in
order to form the interface. The aqueous phase was an acidic solution of 10 mM LiCl (pH = 2,
acidified with HCI), and various concentratiasfaffeine (x = 10, 30 mM and saturated solution).

The organic phase (immiscible with water) was 1H2N in DCE. The components, the#ffdine

and its conformer 1H2N have a mismatched solubility i.e. the solubility of the acid in organic
phase is highwhile the solubility of caffeine is low in the contrary to the aqueous solution where
the caffeine is very well soluble and 1H2N is insoluble. Following salts were added to the organic

phase of the twgphase systems to chemically polarize the interfageCIBor a low potential and
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KTPBCI for high potential. The ions present in the system are distributed in equilibrium between
the aqueous and organic phases, resulting in a change of interfacial patgjtilL56], [157]

In case of negative potential (Fig 4.1 Vial 1 and 2), the standard transfer potentidl(oi%@{foe
=-0.67V)is lowerthan the standard positive potential of caffeigé (jé_eg 0.39V) so caffeine

will not transfer to the organic phase. However, when in the cell we placed KTPBCI (Fig 4.1 Vial
3) and standard transfer potential &fi& higher than the oref caffeine (¢§ dé6:0.53V) there is

an ion exchangeThis potential difference was measured by the open circuit potential (OCP)
measurements: OCPs we80 V (vial 1), 0.09 V (vial 2) and 0.57 V (vial 3). An additional
biphasic system whibut salt imposing potential in organic phase was prepared as a control sample
(Fig 4.1 Vial 4). The vials were left for 16hhe cocrystals were collected and any residual aqueous

or organic solvent was left to evaporate.

Figure 4.1: Experimental seup presenting chemical polarisation of the interface. BACI
Bis(triphenylphosphoranylidene)ammonium chloride; KTPBEI potassium tetrakis(4
chlorophenyl) borate. The dashed line indicates the lidjgigid interface.

4.2. Crystallisation of Caffeine: 1H2N at the polarised liquid-liquid

interface

The formation of Caff1H2N cocrystals at a wataril interface was investigated by preparing a

series of vials of varying experimental conditions according to the descriptiGhapter4.1.
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Figure 42 shows images fovials containing aqueous caffeine solution and organic solution of
1H2N, respectively, and polarised by the addition of salts with corresponding experimental
conditions below. The imposed potential difference increases from the negative potential on the
left-hand side towards positive potentials on the right. Control experiment vials (Vials 4, 7, 10)

were prepared in the absence of potemtigdosing salts in the organic phase.

Figure 42:. Photographs of aqueotBCE biphasic systems for various concatibn of caffeine
([Caff] = 10 mM, 30 mM and saturated solution) and different interfacial polarisations with
corresponding experimental conditions below. Images were taken after the vials had been left at

room temperature for 16 hours.
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When the aqueouskition was saturated with CaffHdifferences in the number of cocrystals
forming at the interface were observed. We observe that the low interfacial potential hindered the
transfer ofCaffH" from the ageous to the organic phase (Hg Vial 1). The olserved number

of crystals rose with increasing interfacial poter(fiad). 4.2 Vial 2 and 3). Differences in cocrystal
formation due to changes in interfacial polarization were also visible at |dvediH"
concentrations. The formation of cocrystals wdshited at the intermediate potential for 30 mM

(Fig. 4.2 Vial 5) and 10 mM (Fig4.2 Vial 8) of CaffH" in aqueous phase. It was therefore not
necessary to carry out experiments with a very negative potential, as was the case with the saturated
CaffH" soluion (Fig 4.2 Vial 1). Additionally, with high interfacial polarisation and [Caff] = 10

mM, it was possible to collect cocrystals located at the interface, which was not achieved in the
control experiment (Figd.2 Vial 10). These outcomes suggest that ¢tbcrystallisation of Caff:

1H2N can be controlled by changing the potential at the interface.

Figure 4.3: Photographs of aqueot3CE biphasic systems for 10 niB&ffH" in aqueous phase,
control and high polarisationmages were taken after the viakdbeen left at room temperature

for 16 hours.

Under these experimental conditior@affH" is a catiofil49] and as shown before by cyclic
voltammetry (Fig3.6 Chaptef.3) is transferred from the aqueous phase to the organic phase at a
high potential § 6 = 0.39V). In the higkpotential vials, the cationi€affH* was transferred to

the organic phase, resulting in local supersaturation of the concentration, and consequent
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cocrystallisation at the liquitiquid interface. In fact, the blurred orgarphase for [Caff] = 10
mM (Fig. 4.3) is attributed to the formation of Caff: 1H2N precipitates, which contrasts with the

cells at time t = 0 when the vials were set.

4.3. Cocrystals characterization

4.3.1.Scanning Electron Microscopy +SEM

The cocrystals formedt the liquidliquid interface, were collected and analysed by scanning
electron microscopy (SEM). The images are presented on FgdreThe higher potential
favoured the formation of cocrystals at the interface. When it comes to the lower conceafration
CaffH" in aqueous phase (10 mM and 30 mM), intermediate potential was sufficient to inhibit the
cocrystal formation, whereas for satura@affH" solutions, even the lowest potential was required

to hinder the cocrystallization process. SEM images stidhvat change in potential caused the

differences between the cocrystal shape, size and quantits.4rig

Figure 44. Scanning electron micrographs of the crystals obtained for different experimental
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conditions with the indicated experimental vialse Tnystals were collected after 16 h. Scale bar:

—P

When a higher positive potential was applied, a large number of small crystals were formed, while
when a less positive potential was applied, fewer crystals were fonethilar effect was

observedor electrodeposition of proteins at tHHES.[126]

Figure 4.5: Crystal size distribution for (a) 30 mM high polarisation (Fig4.2 Vial 6) and (b)-
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control (Fig 4.2 Vial 7) and (c) saturatedCaffH" concentration high polarization (Fig..2Vial
3), (d)- low polarization (Fig 4.2 Vial 2) and (e)xcontrol (Fig. 4.2 Vial 4).

The size and size distribution of the cocrystals whea analysed by SEM (Fig 4.4, Fig 4.5). In

the vials with saturated solution6affH* WKH ELJJHVW FRFU\WWDOV ZLWK FU\
were obtained for the intermediate potential difference (Fig 4.4 and Fig 4.5 Vial 2). In the cells

with higherpotential the size of cocrystalere “ —P DQG ODUJHU W&KDQ WKR
FRQWURO H[SHULPHQW “ —P 7KLV LQGLFDWHYV WKH HIIH
transport ofCaffH* and cocrystal nuclei and thus on the size of tleeyspals. For 30 mMCaffH*
FRQFHQWUDWLRQ WKH FU\VWDO VL]H GHFUHDVHG DW KLJK
FRQGLWLRQV “ —P ,Q WKH FR GaffH) Bhe piéfiBitate tdrlll @w Z LW K
be collected and therefore no SEM analysas performed.

4.3.2.X-ray diffraction

In order to know the crystallographic structure and polymorphic phases, the cocrystals were
examined by single crystalday diffraction (SCXRD). The cocrystals found at the interface were

of the right shape and size be analysed by SCXRD as describeivapter 24.2. The phases
detected in the cocrystals corresponded to the Caff:1H2N cocrystals already published in the
Cambridge Crystallographic Data Centre (CC[A68] (Table4.1 Figure4.6). The measurements

showed the existence of two crystallographic phases: | and 14(Big

Such complexesrystallized in the monoclinic P21/n space group with a stoichiometric amount of
CaffH" and 1H2N.CaffH" and 1H2N interacted by hydrogen bonding between the carbonyl and
imidazole group$39] SCXRD is a powerful technique for -crystallographic structure
determination, however it is not representative of the entire contents of a product because only one
crystal is needed for the analysis. Therefore, in oak&nbw the structure representing the whole
sample, the powdered cocrystals were analysed by Powdsr diffraction (PXRD), as described

in Chapter 24.3. Phase |, Phase Il and a minor contamination from caffeine powder were detected
in all samplesNone of the compounds initially present in the vials (LiCl, BACI, and KTPBCI)

were visible in the PXRD diagram, as there were no 1H2N residues. All peaks presented in the

76



difractogram were thus well fitted and indexed only by phase I, phase Il and caffeenbkigh
polarisation of the interface was found to favour phase | over phaBXMRD analyses of the
collected powders for concentrations of 30 mM (Figure 4.2 (a)) and sat@aitfett (Fig 4.2 (b))
showed that phase | predominance was found in the sammngle the interface was positively

polarised (Fig. 4.2 Vial 6), while phase Il was more present in the control sample (Fig. 4.2 Vial 7).

Table4.1 Crystallographic data for phases | (CCDC 655956) and 1l (CCDC 1583505) of Caff:
1H2N cocrystals obtainedylpolarisation of the liquidiquid interfacg158].

Figure 4.6: Chemical structures for phases | (CCDC 655956) and Il (CCDC 1583505) of Caff:
1H2N cocrystals obtained by polarisation of the ligligliid interfacg158].

Similar results were shown in the diffractograms of cocrystals collected in a sample with a
saturated caffeine solution. The high potential resulted in crystalsimiogtalmost exclusively

phase I. In the case of high caffeine concentration, a higher caffeine residue was also observed
(Fig 4.7 (b)).
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Figure 4.7: Diffractograms of cocrystal (Caff: 1H2N) powders obtained at the lidjqigid
interface for the 30 mMancentration of caffeine (a) arsghturated concentration of caffeine (b)

at high potential (red) and control (black). Roman numbers attributed the different peaks to the
corresponding crystallographic phase, whereas Caff indicates the peak correspondhg to

starting material.
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We proposed senrgjuantitative calculations to compare the phase ratios of the samples. The PXRD
diagrams of a phase | and Il mixture was simulated based on the CCDC files from the known
structures of pure singleghase materiallhe simulation of was carried out by Pierrick Durand.
Then we calculated the proportions of phases present in the cociigtistensities of the peaks

in theanalyzedsamples weraormalizedand compared with th@ormalizedntensities of the pure

single phases from the simulated phase | and Il diffractograms. The results for various
concentrations of caffeine are presented on FiguB When the interface was positively
polarized, the predominance of phase | increase with rising caffeine conceritraieraqueous
phase, which we did not observe in the control experiments. In addition, the unreacted caffeine
content is lower when high potential is used (Bi§).

Figure 4.8. The Phase | % content dependence on caffeine concentration for highgdteati

and control experiment (black). Cocrystals caffi2N obtained at the liquidiquid interface for
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caffeine concentration: 30mM, 40 mM, 50 mM, 60 mM and saturateat. bars were determined
as standard deviation.

Figure 4.9: The content of theaffeine residues, depending on the caffeine concentration and the
applied potential. The results correspond to caffeine residues found in the cocrystalsHaff
obtained at the liquidiquid interface for Caffeine concentration = 30mM, 40 mM, 50 raid,

60 mM and saturated at high potential (red) and control (black).

4.3.3.Thermal analysis

Thermal analysis was made by differential scanning calorimetry (DSC) for caffeine saturated
solution and high potential and control experiment. The experimental cosditierdescribed in
Chapter 24.4.

Both phases represent endothermic events. However, we can observe that phase | has lower
PHOWLQJ SRLQMO)&han plgase)lLdlue to the higher number of hydrogen bonds in the
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Phase Il (Fig4.10). Similar resuls were obtained for the cocrystals of carbamazepine and
nicotinamide (CB2NIC)[159] and caffeine and nitrobenzoic acid cocry$i&i8]. Here, phase I

represents 1:1 system, and the melting temperature is lower than for more complex Phase I.
Thermal analysis othe cocrystals obtained at high potential (red line, Big0) showed a
FKDUDFWHULVWLF PHOWLQJ SRLQW DW f& ZPeakREKSFRUUHVSIH
might come from sample impuritielSor thermal analysis of the control cocryst@lg¢k line, Fig.

4.10), there are two peaks that represent the two crystalline phases (phase | at 190.1 and phase I

DW \W&can explain this as the phase transition and change in a melting @@jint

Figure 4.10: DSC heating curves fdCaff: 1H2N cocrystals, obtained with caffeine saturated

agueous phase and at high positive polarization (red) and control experiment (black).

We do not observe any peaks at this temperature. On the contrary towtidaRmelting point
wasintherangeof 195 f& DQG FRXOG EH SUHVHQW L Q withitkhe/DPSOH

XRD.
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4.3.4.Raman Spectroscopy

To complete the crystallographic information about the cocrystals we analysed them by Raman
spectroscopy. The Ramapectrum of cocrystals in the range 1-1800 cm' is shown in Figure

4.11. The sample was analysed according to the descripti@hapter 24.3. The full Raman

spectra are shown in Fig.11. It should be added that the sample was analysed at thiere wolif
locations, in different polarization modes in order to obtain statistically significant information
about the composition of the sample. Raman peaks were assigned to theoretical spectra calculated
using density functional theory (Fig.13).

Figure 4.11: Raman spectra for Caff: 1H2N cocrystals (control and high polarization, [Caff] =
saturated), caffeine and 1H2N.
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Raman spectra showed a significant difference in characteristic bands between the Caff: 1H2N
cocrystals and the reactants, confirmihgt the starting materials were not present in the product
collected from the interface. Two distinct peaks can be observed in the Fig2iee wdvelengths

of 1378 cm and 1648 cm. The shift of the peak at 1378 ¢rmompared to pure caffeine was due

to the hydrogen bonding between the imidazole ring of caffeine and the carboxyl group of
1H2N[12], [161]whereas the Raman shift at 1648%dmcaused by C=0 stretching peak involved

in intermolecular hydrogen bonding in naphthoic 4&®R] The shifts obtained in the 13A@00
cntregion are characteristic of a 1:1 complex with hydrogen bonds between the two molecules,
which is consistent with the results of the XRD anal{3%.

Figure 4.12: (a)Raman spectra for Caff: 1H2N cocrystals (obtained with caffeine saturated
aqueous phase and at high positiagpization), caffeine and 1H2N; (b) depiction of hydrogen

bonds in a cocryst.

When we compare the Raman spectra, we see that the same bands are obtained, regagdless of th
experimental conditions (Fig.4l). This means that the hydrogen bonds forming the cocrystals
lead to the same displacements, although the cocrystals cdmdieed in either Form | or Form

Il depending on the conditions of cocrystallisation. Raman spectra in this range is therefore not

sensitive to the different molecular arrangement of the two forms.
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Figure 4.13: Experimental (red) and DFT calculated (black) Raman spectra for (a) Caff, (b)
1H2N, and (c) Caff: 1H2N (obtained at high polarization). Caffeine structure is also given along

with the numbering of carbons atoms usedable4.2, 4.3 and 4.4

The following figures report the comparison between experimental and theoretical Raman spectra
for caffeine, 1H2N and the 1/1 cocrystal of these two molecules. Associated tables report the
frequencies and the normalized Ramanrnisiées, as well as the most important assignments for

the two isolated molecules (caffeine and 1H2N). For caffeine, the assignment used the numbering

of atoms indicated in Figuré.13a. For the cocrystal structure, we have only assigned the most
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importantpeaks featuring the frequencies strongly modified by hydrogen bonds. One can see that
the theoretical spectra are in very good agreement with the experimental ones for the frequencies.
It is less true concerning the Raman intensities, but this is weWikror DFT calculations.

Nevertheless, the agreement is acceptable.

Figure 4.14: Correlation between experimental and DFT calculated Raman shifts.

In the Figure 4.13 we presented the data collected with DFT calculations compared to the
experimental radts for caffeine (a), 1H2N (b) and Caff: 1H2N cocrystals (c). Calculated and
experimental are the spectra obtained for starting materials: caffeine and 1H2N 8Hig and b)

are not entirely consistenh this work DFT calculations were performed #osingle molecule in

the gas phase, so intermolecular interactions were not considered. Therefore, the experimental and

calculated spectra may not be iden{it@8]. However, experimental peaks for these compounds
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comesponds to the peaks reported in the liter§i6e, [165] For Caff: 1H2N cocrystals, the
peaks between the experimental and calculated spectra are more consistent bdmange H
between two molecules were conside(Edy 4.14) The experimental peaks correspond to the
bands with data acquired by means of DFT calculations &I (c)). The frequencies are
basically identical and the differences in the intensity are negligible. Please refer to Tables 4.2

4.4 for details on band assignments.

Table4.2: Assignment for thenost characteristic vibrational bands of caffdil@6].
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Table 43: Assignment for the most characteristic vibrational bands #ifydroxy®2 saphtloic
acid165].
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Table 44 Assignment for the most characteristic vibrational bands of: @&f2N cocrygals.

4.3.5.Images at the liquidliquid interface

The images in Figure 45& show the changes over time (35 min) occurring in interpfdse.
procedure and setup are described in @apter2.45. The images show the formation of
cocrystals when the caffersaturated aqueous phase and the almost saturated 1H2N solution in
the organic phase were placed together and when a high potential was applied. In the first 3
minutes, we see the caffeine deposited at the voagmic interface. After this time of aboB8it
minutes, the first cocrystals started to form. Based on visual observation, a shapeless precipitate
first appears and then transforms into neethi@ped cocrystals. The Caff:1H2N crystal gradually
increases in size over a period of 35 minutes. Figurgb4shows the formation of cocrystals in

the control experiment. In the absence of potential, the caffeine accumulates on the surface within
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the first three minutes and after this time we see the first crystals at theliiguatinterface. In

the case aothe control experimentye could see more smalized crystals forming at the interface
except of the larger needli&ke cocrystals The process in this case is less rapid than with the
positive potential. The positive potential brings caffeine to therfete thus the cocrystals are
formed faster. When intermediate and low potential was applied we did not observe caffeine
accumulation at the LLI (Figt.15c and d), confirming that the application of a positive interfacial
potential difference is respob# for the precipitation of CaffHat the ITIES.

(@)
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(b)

(©)
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(d)

Figure 4.15: In situ images of the cocrystals formed at the ligiddid interface(a) at the high
interfacial polarization (b) intermediate interfacial polarization, (c) lowterfacial polarization

and (d) control experiment.

4.4, Mechanism of Caff:1H2N cocrystal formation

We assumed that in the absence of polarisation, Caiffid 1H2N cocrystals are formed through
an interfacial process (Fi§16). However, when we applied aficiently high potential at the

interface, CaffHl was transferred to the organic phase, where a complex with 1H2N was formed.
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It was accompanied by proton release, as evidenced bpiegposicrystallization pH analysis

of the aqueous phase (Fgl7). Cocrystals of caffeine of Phase | were previously obtained in
acetonitril¢39], [40] and ethyl acetaf27]. This may indicate that the use of more polar solvents
favoured crystallizaon of Form | what may confirm the theory that in case of positive potential,
the cocrystals are created at the organic side of the interface.

Figure 4.%: Caff:1H2N cocrystallisation at a polarised eiater interface. Initially, CaffH is

dissolvedm the aqueous phase whereas 1H2N is present in the organic phase.

The absence of carboxylate peaks (1701%)cin the cocrystals Raman spectrum supports the
formation of molecular cocrystals rather than ionic cocrystals of cationic Caff and anionic 1H2N
(Fig 2.14). At high ¢§ 6, H' is remaining in the organic phase which is supported by an increase
in pH after cocrystallisation. This is attributed to an interfacial poteng@ldj greater than the
standard interfacial transfer potential of Kc§ 6 P ¢§ (‘jf\s) [167]. On the opposite, in the
absence of polarization or when the interfacial potential is low, protons remain in the aqueous

phase( ¢§ 6 O ¢§ 646), which leads to a decrease in pH.
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Figure 4.77: Changes in pH before and after the cocrystallization process for caffeine saturated

solution.

We demonstrated an indirect evidence of the Cafflinsfer upon chemicglolarization of the
interfaceby analyzing the content of the organic phase by SEM 4.18b). The procedure is
presented on the Figure 8al The experiment was left for 16h as standard. After this time, the
agueous phase was removed with a pipette., Aldt a pipette, the organic phase was collected

and placed on the substrate. After evaporation of the solvent, the sample was analysed by SEM.
The SEMimages (Fig4.18) showed that when the interface was polarized at high potential, large
crystals weresollected from the organic phase, whereas, almost no deposits were detected on the
substrate when the interface was polarized with intermediate or negative potentials. This may
provide indirect evidence for the transfer of Cdfftd the organic phase whehe interface is

positively polarized.
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Figure 4.18: (a) procedure of sample preparation for SEM analysis; (b) SEM images of the
organic phase after solvent evaporation for low, intermediate and high interfacial polarization
and for control experimentst RS LPDJHV VFDOH EDUV —P ERWWRP LPD

4.5. Conclusion

Cocrystals of caff with 1H2N of high purity were formed upon chemical polarisation of the
interface between immiscible liquids. Raman spectroscopy confirmed that the products collected
at tre ITIES were cocrystals of CaffH2N that were free of starting reagents and solvents. By
applying low interfacial potential difference, we were able to inhibit the cocrystallisation process.
Moreover, manipulation with the applied potential has allowedférmation of a large majority

of a polymorphic form. Indeed, XRD analysis showed the two different polymorphs were obtained,

depending on the presence of the interfacial polarisation. Fepolansed interfaces (control
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experiment), a mixture of costals of phases | and Il were obtained, whereas cocrystal of phase

| were formed when a high interfacial potential difference was applied. Based on the XRD and
Raman spectroscopy, we can clearly state that the compounds obtained at the interface are the
cocrystals of caff: 1H2N and not the salts, which was additionally emphasized by the change of
pH, before and after the cocrystallisation process. Such cocrystallisation opens up perspectives for
better control and understanding of the cocrystallisationgsthrough polarisation changes at

the oilwater interfaceFurther studies of mechanism behind the cocrystals formation was studied

in Chapter 5.
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5. PROBING INTERFACIAL COCRYSTALLISATION USING
SIMULTANEOUS POTENTIAL AND CURRENT
MEASUREMENTS AT LIQUID -LI QUID INTERFACES
POLARISED BY COMMON ION APPROACH

Electrochemical noise (EN) is a method commonly used, which allows the simultaneous
measurement of spontaneous variation of potential and current caused by corrosiof188gnts
[169]. Indeed, most sermacroscopic phenomena associated with corrosion are stochastic, which
make their study difficult by electrochemical impedance spectroscopy or polarisation curves.
Potential electrochemical nois€E, represents the variation of potential around a dc potential
value, whereas current electrochemical noi$ejs the stochastic variation of current around a dc
current value. These variation& and ‘I, can be analysed in the time domain based on eliffer
parameters such as the shape, amplitude and frequency. Analysis can also be made in the frequency
domain by the calculation of the power spectral density of the current and potential fluctuations
[169]. Electrochemical noise allowsneto determine corrosion rates and to identify different
corrosion events: e.g. (i) monitoring of the formation and destruction of corrosion inhibitor films
[170], investigating the mechanism of formation of the lithibased conversion lay§t71] or
analysing aqueous corrosion inhibition procgls&]. Simultaneous measurements of potential

and current fluctuation is possible thanks to a zesistance ammet§t73].

We propose here to monitor simultaneously current and potentimgefaassociated with
cocrystallisation events at a liguiiduid interface polarised by a common ion dissolved in each
phase. Polarised liquilijuid interfaces have recently been used to produce cocrystals of caffeine
and ZXhydroxy-2-naphthoic acid [174]. XRD analysis of the cocrystals showed two
crystallographic phases. These phases wemeefdrunder specific conditions: there is a majority

of phase | when the interface was positively polarised; a majority of phase Il in the case-of a non
polarised interface, this is the natural potential of the cell. We proposed the mechanism of

cocrystalli@tion: in case of positive polarization, the caffeine transfers to the organic phase and
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the cocrystals are created in the organic side of the interface. However, when no potential is applied
the cocrystals are formed in an interfacial process. In ordisteymine the role of the interfacial
potential in the cocrystallisation process, simultaneous measurement of both potential and current
at the liquidliquid interface may provide important information. The electrochemical cells were
assembled with vari@iconcentrations of tetraalkylammonium cations (TR the organic and
agueous phases and the potential and current were tracked by the adaptation of the EN method to
the ITIES. The electrochemical noise data were analysed based on several parantters use
corrosion studies: the power spectral density (PSD) plots, the current root meaniseiaedues

of PSD of current (PSpand the low frequency noise impedafe This approach provides a

new way to monitor and understand events at the ITIES.

5.1. Description of the experimental setup

The Electrochemical Noise (EN) technique was applied to measure the potential and the current
synchronously. EN is usually used in the corrosion st{{i&$ however here it was applied to
four-electrodes system at the liquid/liquid interface. The potentiostat-308P Biologic
(Electrochemical Applications/Corrosion) was used to measure the electrochemical potential and

current noise.
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Figure 5.1 (A) Sclematic representation of the electrochemical cell used for the simultaneous
current and potential measurements. CE: counter electrode, RE: Reference electrode, o: organic
phase, and w: aqueous phase. (B) Simultaneous potential (black) and current (redjemmesnt

as a function of time.dew) *Ere)represents the potential measured between the two reference
electrodes and &sw) tEce) VKR ZV WKH SRWHQWLDO RI* 9 M®HLRE®SRWVHG
between the two counter electrodes. | is the cumegdsured through the electrochemical cell.

It allows the application of O V between the counter electrodes in the organic phasarfCin
the aqueous phase (&E169]. The potentiais measured between the REnd REo and the
current between GEand CEk (Fig. 5.1). The electrochemical cells were placed in a grounded

Faraday cage.

The equilibrium potential differencesatthe A(REZ Z R R ZY DQ( iztdrfakds 5 (
can be degibed by the corresponding Nernst equations:

! o0 U, °U L7
LOOU °U1/4IE OoU OUl/4OBL (,e 48E¢aOF¢aOF6 4% (51)

Where the different potentials are defined as follows:

U oUng | U cuviga g E Héf (5.2)
&8 U Ly t0nge = Ha— (5.3)
(46 L ¢86%. ¢ EX - H%%: (5.4)
R0 L (850006 B H%Ze (5.5)

where % Iooe, ’?f‘oo 6, ?fooo s represents the concertioan of TAA" in the aqueous phase, organic

phase and aqueous phase for organic reference electrode, respe@ﬁ\(ﬁﬁ%represent the

concentration of Clin the agueous phase and agueous phase for organic referencelelantto

(;%o?f - 6 i the formal ion transfer potential difference for TAA
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By combining equation$(1) and 6.2-5.5):

' E ..”3 E - 9,3226 d,&]zzB.
L £ H%EC 2 FREEY (5.6)

To simplify this equation, if we keep?,z L 2‘2%? and >%,,6 L ’ﬁeo s] in which case the

potential measured will depend solely%ﬁf .

226

El 5 C"k,lzzﬁ
" L— Ze— N4
é CXzzG (5 )

This is true if100]:

Q4O ;@ 140 EI ,@226 @226 )
¢a0|006 F6a01/473( . Hg,qJZZGISEqJ226p. (58)

Based on the abovmentioned equations the featectrode cell comprising liquid/liquid interface

was prepared according to Scheme 1:

Schemé.1: Description of the electrochemical cells used:

Electrochemical

I Ref 1: (w) (0) Z1 Ref 2:  Information:
cell:
1mM X mM
TAACI x mM TAACI x=0.1, 0.5,
1 Ag/AgCI AgCl/Ag
amm | TAATPBCI (10 x) 1,5, 10
LiCl mM LICl
10 mM
X Y = -, Caff
TMACI
2 Ag/AgCI 0.01 mM 10 mM AgCI/Ag SAT
10 mM
TMACI | TMATPBCI Ll Y =-, 1H2N
[
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9.995
mM LICl
9.995
mM HCI
X mM
Caff
X =40, SAT
X mM 10 mM Y mM
TMACI 1H2N TMACI | Agciag X =001, 0.1,
Ag/AgCI 110
10x2) | ymM 20 +y
mM LiCl | TMATPBCI | mMm Licl y=0.01,0.1,
1,10
10-(x/2)
mM HCI
X mM
X = 40, SAT
Caff 10mM | YmMm
Ag/AgCI 110
TMACI y mM 10 3y
10(x/2) | TMATPBCI | mM LiCl y=0.01, 0.1,
i 1,10
mM LICl
X mM 10 mM vy mmMm | A9CIAg
Ag/AgCl X = 40, SAT
Caff 1H2N TMACI
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X mM y mM 10 zy x =0.01, 0.1,
TMACI | TMATPBCI| mM LiCl 1,10
10-(x/2) y =0.01, 0.1,
mM LiClI 1,10
10 mM

LiOH
Caff SAT X = LiCl,

10mM AgCI/A LioSOQu
10 mM X 5 mM gLiAg 12
6 Ag/AgCl 1H2N BAC
Y = KTPBCI,

10 mM 1mM Y _

HC KTB, LiTB

The volumes of the aqueous (w) and organic (0) phases were both 2.5 mL. The delay between th
preparation of the cells and the start of the experiment was 45 s. The same time was kept in each
experiment to allow comparison between experiments. The measurements were carried out for 60
min to allow the electrochemical cell to reach equilibrium. Thange in potential and current is

a result of ions transferring at the liquid/liquid interface and allows changes on the interface to be
followed during the establishment of equilibrium on this interfad¢e potential and the current

were recorded at am temperature every 0.01 s, sufficiently frequent to observe current and

potential spikes.

Since EN has been employed to monitor the type of corrosion and find the corrosion rate, in this
work we have used similar parameters to explain the processeg fdte at thd.LI. The

recorded experimental potential and current data were then used to analyse the electrochemical
noise via Microsoft Excdll76] Power spectral density (PSD) in the frequency aiorns used to

predict the corrosion mechanism and can be used to compare processes taking place at LLI. Our
data have a large number of points and repeated signals, so PSD plots can be calculated using Fast

Fourier Transform (FFT).
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Before the results cddi be analysed, the trend line had to be removed. This was done using
2ULJLQS VRIWZDUH DQG WKH SRO\QRPLDO UHPRYDO SURFHG
potential or current over time, adding the trend line that provides the best fit to thEh@atesults

were divided into ten sections of 20 seconds each, consisting of exactly 2048 points. In these time
sections, PSPand PSDin the frequency domains were calculated. In this work, the following are

used to calculate the PSD:
258&B L :{:B 5L A :Bog Ectlk :Bog (5.9)

Where : j : B;is the Fourier transform of x(t)pis the experimental time, Re and Im correspond to
real and imaginary part, respectively and the number 2 srian only positive frequencies are

concernefll76].

Root mean square (rms) was calculated as the ratio of standard deviation of current P$D (PSD

AYE it
a

Hawl 8 (5.10)

Where n was the number of experimental data points.

The low frequency noise impedance{Rvas determined as the ratio of the standard deviations
RI HISHULPHQWDO SRWHQW tbhé&xrerdd®rerbo@d®68], XU J HQW /, DIWH

Elw:U, -
463 éL Ellsz, : (511)

Where 25 &:B;and 2 5 & B; are the power spectral density & KH S R &, ldr@ e €u@ent

density (), respectively, in the frequency domaih

5.2. Measurement of the potential difference

A first series of experiments was designed to check that the potential measured is consistent with
the potential expected froequation .7). Several configurations of electrochemical cells (9) were

prepared with the different ratio of tetraalkylammonium (TA# organic and aqueous phase.
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Figure 52: Change of potential as a function of time in the various configuratioosrding to
cell 1 Table 1. TMA AAA * (-] &nd TPA (F B. The presented ratio correspondS—%i6
226

ratio.

In these experiments, the interface is polarised by the distribution of a commarnomfetween

the two immiscible phases. The measurememre performed for 1 hour to allow the partition of

ions to reach equilibrium at the liquid/liquid interface. The measurements were started right after
the electrochemical cells where prepared. The comparison of the change of the potentials in time
for three TAA (TMA™, TEA" and TPA) and various ratios of concentration in organic and in

agueous phase is shown in Figur2 Fhe potential is stable in time and its value decreases with

(.%’Izze
the C2226

indicated that the transfer is not based on the formal transfer potential, but on the ratio of

ratio. Similar results were obtained for the three ions, TMIEEA" and TPA, which

concentration of TAAin each phase, &xpected from equatio®.{).
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Figure 53: Equilibrium potential dependences on the ratio of common ion in organic and aqueous

phasesg%“6 . TMA" 7 71%Vv) and TPA (z). Dashed line represents theoretical data
226

calculated according to Eqg. (2.15). When not visible, error bars are smaller than symbols.

In Figure 53, we see the dependence of the potential on the ratio of the concentrations in the

organic and aqueous phases. The dashed line and crosses represeurétieahcalculations

based on EqX5(7). We see that the three cations, TMAEA" and TPA, fit into the theoretical

FDOFXODWLRQV :KHQ WKH UDWLR LV WKH SRWHQWLDO LV
P9 “ P9 IR UEA @fid TPA respectively). This confirms compliance

with theoretical assumptions. The potential is positive when there is the excess of the ion in the

organic phase and it takes negative values when the concentration in the aqueous phase is higher

than in tle organic phase. The potentials for the electrochemical cells built with these three

guaternary ammonium salts are very close to the theoretical values calculatB@) Emnfirming
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that this method is suitable to monitor the changes of potential aguietliquid interface. The
difference between the theoretical calculations (based on thB.Bcnd experimental results
might originate from the moisture content of the TAACI salts or impurities from thegdared

TAATPBCI salts or small differege in the reference electrodes.

5.3. Simultaneous measurement of potential and current

In the next part of the study, along with the wadlfined solutions which comply with theory (Fig
5.1 and 5.2), we set up the electrochemical cell with saturated sadittaffeine as the aqueous
phase and-hydroxy-2-naphthoic acid to the organic phase, according to electrochemic2l cell

In Figure 5.4a, we observe the differences between four experiments: blank (black line, both
caffeine and 1H2N are absent from tedl), when only 1H2N was present in the cell (green line),
when only caffeine was present in the cell (blue line), and finally when both are present (red line).
For the blank electrochemical cell, the potential difference was lower than expected by theory
This might be due to experimental conditions, which do not verify the conditions of Eq. (5.7). The
potential signals exhibit a gradual decrease in all cases. In the Caff/LH2N configuration, we were

able to follow the potential changes in the potentialrduthe cocrystallisation process. At this

. &6 _ 542/
ratio of 5\ TACA A

and saturated concentration of caffeine we could establish positive
potential for the transfer of caffeine. The conditions are sufficient to transfer the caffeine and the
formation of cocrystalstdahe interface is observed. The presence of caffeine has a significant effect
on potential. At pH 2, caffeine is present in its cationic fadf] so it is being exchanged with
TMA™ present in the organic phase. The drop in the potential indicate the transfer of caffeine from
agueous phase to the DCE and lowering ofthew%l-'féf. The potential in the presence of caffeine

3,26

(red and blue line) is noisier and corresponds to the exchange of cationsa(@afMA") which
takes place at the liquithuid interface. The potential of the cell with the presence of bHEN
comparing with blank is lower due to the presence ol the facilitated proton transfer. The
results shown in Figure 5.4 are carried out according to Scheme 5.12fldetke, the pH is equall
to 2 and was fixed by adding 10 mM HCI.
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Figure 54. Variation of (a) potential and (b) current as a function of time for the various

electrochemical cel? configurations.idii3/“26 L 5__4a\ﬁE . Blank: absence of Caff and 1H2¥ §,
3,26 4454 /E

1H2N: absence of Caff and presence of 1HZEN)( Caff: presence of Caff and absence of 1H2N
(F B, Caff/AIH2N: presence of Caff and 1H2N B, and Caff/IH2Npresence of Caff antH2N

(%%26 L 4% a fE
G ,,06 5a/& "’

low frequency noise impedance were calculated.

(----) negativepotential (

. Dotted lines represent the times for whigh &nd the
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Potential variation is concomitant witthanges in current, as shown to Figu#b5The current

signals are close to zero for the cells where there is no caffeine, which indicates that no ion transfer
is occurring at the liquidiquid interface. It can be seen that there is no difference WH@N is

absent (Figure 8b, black line) and present in the system (green line) which confirms that the
1H2N is not transferring at ITIE$74]. However, when caffeine is present in the aqueous phase,

a high initial value for current is observed followed by a significant drop with time. The cocrystals
are created after 1 minute what correspandie change in current (Figuredb.red line). This

higher current value is attributed to the transfer of caffeine from the aqueous to the organic phase.
In the cell with both caffeine and 1H2N present (Fép5ed line), the current decreases oveetim

The slope is sharp at the beginning and gradually decreases after 900 s until 2000 s, until it reaches

a plateau.

Figure 5.5 Equilibrium potential based on the ra&%ﬂ6 of electrochemical ceft and Caff = 40
3,26

mM prepared in the presence of caffeine and 1H2N in the range of time38000s. The error
bars are shorter than the size of the symbols. The ratio was change by varying the concentration

of Prw. Pee=0.01mM (), Pre=0.1mM (), Pre=1mM(\), e PO
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These experiments were followed by the series of experiment with various rag 2dfvhen
3,26

aqueous solution of caffeine and organic soluodriH2N were placed together according to
electrochemical ce. We can observe in Figure 5.5 that the potential values become higher when

. Lo TR . . . .
we increase the ratige2=. With a lower ratio, less caffeine is transferreaitite organic phase
3,26

and less TMA ions transfer to the aqueous phase due to the obtained distribution at the ITIES. It

is remarkable that the values of potential are similar for the samgﬁé\ﬁoThis is because the

R 526

changes in the potential do not depend on the concentration of TiviAe organic phase® z o ;

but solely on the ratied.M as indicated in Eq. (5.7).

CZ%ZG

Figure 56: Root mean square of PSExperimental conitlons were: absence of Caff and 1H2N
z DEVHQFH RI &DII DQG \B pridsémte 6f lCalR aind+absence of 1H2N (
presence of Caff and 1H2Nx( D Q . Full symbols represent data collected with positive

interfacial potential. Interface poteiadi was negative for hollow symbols.
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Figure 5.6 shows thenk (calculated from the results shown in Figure 5.4b) for the different
experimental conditions at various times. For these experiments, the interface is polarised
positively. When no caffeine igresent (green and black curves on Figure 5.6 values are
EHORZ —3% IRU WKH ZKROH GXUDWLRQ RI WKH H[SHULPHC
transfer is occurring. When caffeine is present in the aqueous phagalules are higher, witger

1H2N is present (red curve) or not (blue curve) in the organic phase. In the presence ofdH2N, |
values decrease faster with time. Indeed, after 1250 sy &hvalues reach the same level as for

the control experiments, while it takes 3000 shia &bsence of 1H2N. As a control experiment,

the current and potential were measured in the presence of both caffeine and 1H2N but when the
interfacial potential is negative (Figure 5.6), which is unfavourable to the formation of
caffeine:1H2N cocrystal[d 74]. Iimsvalues in these experimental conditions are similar to the ones
observed in tb absence of caffeine confirming that the high Values are linked to caffeine

charge transfer, when the interface potential is positive.

Figure 5.7:The low frequency noise impedance calculated for Scheme 5.1 electrochemicl cell 1

in the absence™) and in the presencex() of 1H2N. Caffeine is present for both experiments.
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In electrochemical cell when the cocrystals are created the low frequency noise impedance
decreases within first 2000s which can be attributed to the creation of the complékZif{Fig

5.7 red line) and low current noise. After these times the resistance flattens, which may be related
to the @sorption of complex at the ITIES. In contrast to a cell in which the complex is not formed
(Fig. 57 blue line), the change in thesfRioes not change significantly during the course of an
experiment. The noise impedance has lower values at the beginning, because grdsadiptoa

of the cocrystal on the LLI does not take pladde caffeine is transferred and the current has
higher \alues.

Figure 5.8:PSD spectra of electrochemical current (R8Bcorded in the cell (left) in the absence

and (right) in the presence of 1H2N (electrochemical cell 11) calculated from different times.

Figure 5.8 presents the comparison of P&bDthefunction of frequency in the absence and in the

presence of 1H2N; caffeine is present in both experiments. In the absence of 1H2N, the PSD
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YDOXHVY DUH KLJK DQG IRU WKH WLPHYV 4 pHEtand V WKH\
the signal decreszd at 1850s. In the presence of both caffeine and 1H2N cocrystals are formed at

the liquid-liquid interface. The PSalues when cocrystals are formed are one order of magnitude
ORZHU ® —4%Hz?Y) from the beginning of the experiment and is nagmvisible after 900

s. Most of the current is cumulated in the region around 1 Hz. However fét$be formation of

crystals appear at slightly lower frequencies than in the sole presence of caffeine. This is due to
the complex formation causing theactges at the liquiiquid interface which hold caffeine

transfer. The signal fades out more rapidly (385 s) upon cocrystal formation as the caffeine enters
into a reaction with 1H2N and their adsorption at ITIES. In contrast, in the absence of 1H2N,
caffeine continues to transfer to the organic phase as the signal becomes less intense after 1870 s.
7KH 36' VSHFWUXP Rl HOHFWURFKHPLFDO SFx3HiH @hah &V PXFK
negative potential is applied, although both Caff and 1H2N (Fig.&& present in the cell. In

such conditions no formation of cocrystals occurred suggesting that caffeine transfer is

responsible for the PSD current.

Caffeine is a weak base with a p&f 10.4147], so it is in cationic form in the acidic conditions
(pH = 2) at which the cocrystalision process occuf$74] As control experiments, experiments
were carried out at pH was of 6 and 11. Caffeine transfersg® 6y, oy g b algil { r8at pH 2

as shown by the transfer peak observed (Figure 5.10). However, caffeine transfer was not observed
for pH 6 and 11 as it could be masked by the transfer of background electrolyte. Electrochemical
noise was k8o measured at pH 6 and 11 andRI8H at various pHs are shown in Figure 5.10 for

the time period 900 920 s. At pH 2 and 6, power spectra showed noise with a frequency in the
0.1-10 Hz, whereas the PSD signal was significantly lower at pH 11 in the fsaquency region.

These observations are consistent with the fact that cocrystals were collected in electrochemical

cells at pH 2 and 6 and not at pH 11.
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Figure 59: The PSD | spectrum of the electrochemical current recorded in the cells under
conditions consistent with electrochemical cglSchemes.1 and corresponding to a negative
potential (x = 1, y = 0.1, X = SAT).

Electrochemical noise analysis shows that, when both caffeine and 1H2N are initially present,
interfacial processes of charge tramsdre occurring in the first 1000 s of the experiment. During

this period, caffeine is transferred across the interface and forms complexes with 1H2N in the
organic phase, which then lead to the adsorption of cocrystals at the interface. After 1000 s,

electrochemical noise analysis indicates that interfacial charge transfers have ceased, suggesting
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the cocrystallisation is a twstep process with (i) a potentidtiven nucleation with the trafer
of caffeine from the aqueous to the organic phase; (ipath stage where the interfacial potential

no longer plaga role.

Figure 510: PSD spectrum of electrochemical current recorded in the cells in the conditions
presented in the electrochemical cgl¥ and5 (Schemé.1) and corresponds to the pH 2a6d
11.6 respectively. 900 < time < 920 s.
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5.4. Conclusions

The potential for the designed electrochemical cells with various ratio of concentration of
tetraalkylammonium salts in organic and aqueous phase was monitored. It was found to be in good
agreementith the theoretical values based on the Nelikstequation. The results were similar

for three ions: tetramethylammonium, tetraethylammonium and tetrapropylammonium, which
indicated that the potential values depend uniquely on the%ﬁ%. Thus, by varying the ratio
226

of concentrations of the selected ion in the organic and aqueous phases, we were able to obtain
suitable potential values to drive the cocrystallisation process. Addition of caffeinehgddoky-
2-naphthoic acid to these wealefined electrochemical cells allowed to monitor the potential and
current at the liquidiquid interface. Analysis of the electrochemical current noise showed a clear
difference between cells in which cocrystals #mened and those in which cocrystallisation is
hindered, either by a negative potential or by a change in pH. Caffeine transfer and cocrystal
formation generate different signals with current maxima at frequencies in thel(Hk range.

The EC method is powerful tool to follow the changes occurring at ITIES in common ion

experiments by simultaneous measurement of potential and current.
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6. INFLUENCE OF EXPERIMENTAL FACTORS ON
INTERFACIAL COCRYSTALLISATION

The goal of this chapter was to investigéte important factors that influence the interfacial
cocrystallization. We investigated factors such as drug form, drug concentration, pH, choice of
agueous (LICI/LiSQy) and organic electrolytes (KTPBCI, KTB, LiTB), choice of acids and bases
used to chage pH or type of solvent (DCE, TFT and a mixture of Anisole and TFT). The
differences between the resulting cocrystals were tested using the following methods: XRD,
interfacial tension measurements and simultane@isndl measurements. 16 experiments for
each drug, in different conditions, were made to select optimal parameters. The statistical analysis
of results was then done to check, which parameters are important for the
crystallization/cocrystallization at the liqulajuid interface and polymorpletection.

Design of experiments (DoE) is the part of applied statistics in which controlled studies are
planned, conducted, analysed and interpreted. The aim is to evaluate the factors that control the
value of a parameter or group of parameters. DoBa®lavhich allows the data collection and
analysis in avarious experimental conditiokVith the DoE, we can manipulate a number of input

factors and examine their impact on the desired output (response).

To investigate all these factors the DoE functionR softwarewas usedwith R packags
Rcmdr.Plugin.Dog177]. With its help, we were able to reduce the number of experiments to the
numberwhich was feasiblee.g. 16 (instead @f" °' ¢ty andstill being able to perform a reliable
statisticalanalysis.To obtain this the regular fractional factoralevel designwas createdThe

first attempts were carried ousing: piroxicam and sildenafil and their satsdketoprofen and

diclofenac(results presented in APPENX 2).

6.1. Materials and methads

The composition of the following vials were projected with Design of experiments by the R
software packag&cmdrPlugin.DoE[177] and Doe.base[178]. This tool enabled the design,
control and export of experimental conditions. For the purpose of this study the Regular

(Fractional) Factorial 2evel design was found to be the more suitable to find the active factor at
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two levels (1, 1) whichmay influence the interfacial crystallization/cocrystallizatigfi. vials
were left for 16h.

The factors that needed to be investigated for their effect on interfacial crystallisation were: (i)
solvent, (i) agueous phase anion, (iii) organic phase camh (iv) anion. 4 factors were
considered at 2 levels and 16 runs, resulting in the experimental vials in Eigure

Figure 6.1: Experimental set up presenting chemical polarisation of the interface applied for DoE
experiments. KTPBCI- potassium tebkis(4-chlorophenyl) borate; KTB- potassium

tetrakis(pentafluorophenyl)borate; LiTHithium tetrakis(pentafluorophenyl)borate.

On the Figures.1the experimental set up is presented. It consisted of two immiscible solutions in
order to form the intéace. The aqueous phase was an acidic solution of 10 mM LiCl or 10 mM
LioSO4 (acidified with HClor HoSOs down to pH = 2, and saturated solution of caffeine. The
organic phase (immiscible with water) was 1H2N in DCE or mixture of Anisole and TFT (2:1).
The following salts were added to the organic phase of the biphasic systems in order to chemically
apply the high potential: KTPBCI, KTB and LiTB. The ions present in the system are distributed

in equilibrium between the aqueous and organic phases, resutiagchange of interfacial

potential : ¢& 6)[156], [157] The standard transfer potential of&d LIt ( ¢§ 6&20.53 V and
& 6,‘3‘520.61 V)[91] is higher than the one of caﬁeinﬁbé_ﬁ 0.39V) sothere is an ion

exchangeAn additional biphasic system withosalt imposing potential in organic phase was

prepared as a control sample (Big).
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Table 6.1:The various properties of selected organic solvents

—— Static relative Solubility in Dipole Interfacial Densi | Viscos
olven
permittivity ( Q water PRPHQW tension (¢) ty ity
; er 100 g of ) /et | 10°
Unit ) P Szt D o opt |9
water 3 Pas
1.250| 0.779
DCE 10.42[67] 0.852 1.83 30.5[121]
[67] [67]
1.190
TFT 9.18[66] <0.100 2.86 38 0.750
[66]
Anisole 0.995| 0.895
4.33[67] 0.171 1.36 35
(A) 671 | [67]

In the Table 6.1 are listed the properties of the selected organic solvent. These differences in their
features may lead to the changes indberystals formed at the liquicuid interface. The mixture

of A: TFT (2:1) was used as a second organic phase solvent. These chemicals were mixed due to
the two factors (i) anisole has a lower density than water (Table 6.1), so it did not form a bottom
layer. Beside 1H2N is not well soluble in TFT and is well soluble in anisole. The rali6TA +

2:1 was calculated to be enough to form a bottom phase after the vial establishment. Density of

this mixture was lower (1.056 g/cihmeasured with pycnomejehan the density of DCE.

Figure 62. Experimental set up presenting control experiments applied for DOE experiments.

The cocrystallisation of cafffIH2N was further investigated through stedle experiments. The

factors that were considered were:
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- aqueougphaseelectrolyte (LiCl, LeSQu)
- organic phaselectrolytecationfor interfacial polarizationK™, Li*)
- organic phase electrolyte anion for interfacial polarization (TRH®)

- choice of solvent (DCE, mixture of Anisol&=T)

Numerical values fothe analysis carried out with Boftwarehave been converted te) (for
minimum vales and (+) for maximum valug¢$able6.2). The full factorial 2level design was
created. The number of factors was four and the number of runs were chosen as 16lt3laeeesu

presented in Figure B.

Table6.2 Numerical values converted tg for minimum values and (+).

Parameters - +
Solvent A TFT DCE
Agueous phase anion Li2SCy LiCl
Organic phase cation Li* K*
Organic phase anion B TPBCI
6.2. Shake-flask experiment of caffeine 1H2N in various conditions

In thischaptetthe influence of various factors (organic solvent, aqueous phase acid/anion, organic
phase cation and anion) on cocrystallization process at the-liquid interface were studied. It

was poven that these factor can change and influence the interfacial interactions which leads to
various polymorphic outcome of cocrystals formedicatid-liquid interfacg27], [30]. Solvents

used for the cocrystallization aie liquidtliquid interface had an influence on the polymorphic
forms that were found ahe wateroil interface The use of more polar solvefatvoured the
creation of form [27] when in other work the use of solvent with high dielectric constant tended
to create the form Il and ngwolar solvents gave the forn{179]. The use of different solvents

has resulted idifferent polymorphic phases. Therefore, in this study, it was detadgtange the
organic solvent. fis was the first factor used for DoE, which can affect the cocrystals formed at

the phase interface.
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Figure 63: Photographs of aqueowwganic biphasic systems for various aqueous phase
electrolytes and different organic phase salts with corresponding experimental conditions below.
Images were taken after the vials had been left at room temperature for 16 GoaystA: TFT

(2:1), yellow £1.2-DCE. The vials with the red frame were not possible to perform.

The formation of Caff1H2N cocrystals at a watayil interface was investigated by preparing a
series of vials of varying experimental conditions according to the descriptiGhapter6.1.

Figure 63 shows biphasic system consisting of aqueous caffeine solution and organic solution of
1H2N, respectively, and polarised by the addition of salts with corresponding experimental
conditions. The aqueous phase consisted of 10 mM solution ofkigiire 63 vials C1, C3, C7,

C12, C13, C14 and C16) or 10 mM solution ofS@; (Figure 63 vials C5, C6, C8, C9, C10 and
C15). The aqueous solutievas acidifiedwith HCI or bSOy to reach pH 2, respectively. In the
organic phase we tested two solvem€E and the mixture ofA: TFT (2:1). The interfacial
potential was imposed by addition of KTPBCI, KTB and LiTB to the organic phase. Control

experiment vials were prepared in the absence of potémmising salts in the organic phase
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(Fig. 6.2). Four cowitions could not be fulfilled because the salt LITPBCI does not exist so the
vials C1, C2, C4 and C11 ahe Figure 61 should be eliminated before starting the experiments.

Figure 63 shows the images of the cocrystals obtained at theQadrystals wee obtained in all

vials. Control experiment vials (Contrd], 2, 3 and 4 Fig6.2) were prepared in the absence of
potentiatimposing salts in the organic phase. When the aqueous solution was saturated with
CaffH", differences in the numband shapef cocrystals forming at the interface were observed.

In some vialsFig. 6.3 vialsC5, C6, C7) the cocryatls remained at the ligiigdid interface where

in the other vials we saw the cocrystals at the bottom. It suggested that the size was too big to
remainadsorbedt the interface and thdgll at the bottom of the vial$n some vialsEigure 63

vials C6, C7 and C16) the organic phase was blurred due to the smaller particles (cocrystals with

smaller size) suspended in the organic solvent.

The cocrgtals were collected from the interface,-diied and analysed by XRD to check the

differences in the content of the phase | an€CHégpterd.3.2).

6.3. XRD of Caff/AIH2N cocrystals obtained under different conditions

The cocrystals obtained at the ligdiquid interface (Figure &) were collected and analysed by
PXRD. All peaks presented in the ffictogramns were thus well fitted and indexed only plase

| or phase Il (explained ihapter4.3). We proposed serguantitative calculations to compare

the phaseatios of the samples. The PXRD diagrams of a phase | and Il mixture was simulated
based on the CCDC files from the known structures of pure gifglee material. Then we
calculated the proportions of phases present in the cocryBtelsntensities oftfte peaks in the
analyzed samples were normalized and compared with the normalized intensities of the pure single
phases from the simulated phase | and Il diffractograms. The results for vesindisonsare
presented on Figu5. None of the compoundsitially present in the vials (LiCl, KTPBCI, KTB,

LiTB) were visible in the PXRD diagram, as there were no 1H2N resittual vials the interface

was positively polarized however involving different sattposing high potentiakKTPBCI, KTB

and LiTB) and various solvents iorganic phase (DCE add TFT mixture). The combination of

other salts and solventBigure 65) did not result in a significant advantage of phase I, in contrast

to the previous experiment when KTPBCI and D@Ere Fig 6.4 C16)were used in the organic
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phase(Chapterd.3). In all vials except of C16 we observédte predominance of phaleln the
vial C9 on Figure 6 there is almost pure phase Thus, we alsofound the conditions to obtain
cocrystals forming only phase The diffractogramsof cocrystals of pure phase | (red) and pure
phase Il (black) are presented on Figure Bl conditions applied in the vi@P are very different
from the conditions where only phase | was fo(@#6). In vial C9,Li.SOs was the aqueous abke
electrolyte and LiTB dissolved iA: TFT was the organic phase electrolyféixture of these two
solvents have lower relative permittivity than DB @2, 9.18 and 4.33 Plfor DCE, TFT and

A, respectively. Lower permittivity so the use of less polsolvent(diisopropyl ether+DIPE)
was found to promote tHermationof form Il in case of Caff:1H2Nocrystalq27].

Figure 6.4: Diffractograms of cocrystal (Caff: 1H2N) powders obtained at the lidjqigid
interface for the C9 (LBQYJ/LITB/A: TFT) and C16 (LICL/KTPBCI/DCE). Roman numbers

attributed the different peaks to the corresponding crystallographic phase.
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On the Figure & no trendfavoring a particular solvent or aqueous salt was observeeteidre,
further analyses need to be carried out.

Figure 65: The Phase | %-"-) and Il % () content dependence warious conditions applied
for cocrystallizationof Caff:1H2ZN according to vials in Figures.3. Cocrystals caff 1H2N
obtained at theiduid-liquid interface forsolution saturated witlcaffeineand different saltend

solventsn organic phaseError bars with the default 5% valu&rey +A: TFT, orange +DCE.

6.4. Simultaneous measrements of (E and | during the formation of
Caff/1H2N cocrystals

Simultaneous PHDV XUHPHQWYV Wwas dafied Qu& according to schentel and
electrochemical celb. The potential and current were measured simultaneously during 3600 s
(5.1 and the graphgE(t) and I(t) are presented on Figurézand b, espectively.The organic

phase solvent was DCE. The conditi@mmsrespondo the vials in Figure 8. The experiments
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were carried out with KTPBQVials C8 and C16KTB (vials C10 and C123nd LiTB (vials C13
and C15)which were the salts applying posei potential.In all the experimental vials the
cocrystals were formed at the ITIES.

Figure 66: Variation of (a) potential and (b) current as a function of time for DCE as organic
solvent and the various electrochemical &{5cheme 5.1donfiguratons. C8+Li,.SQ/KTPBCI

(F B, C10 £Li2SQJ/KTB (- 1), C15 H.i>SQJ/LITB (), C12 HIiCI/KTB (F B, C13 £LIiCI/LiTB

(F P andC16 LiCI/KTPBCI (F B.
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The potential in vials C13, C15 is stable in time #grepotential for C12 an@16 is higher at the

at thestart of the experimerind decreased after 1000 s. After this time, the cocrystals are already
formed The potential in vials C8 and CEeem to drift with timenitially until repetitive events

of potential variation appear aft#600 s.It should be natd that the vials, for which the potential
are most stable, have a common cation in both the aqueous and the organi¢hhaaeation

in potential for the other cells could be induced by the incessant transféramidkLi" between

the two phases:orall the vials at Figure 6the potential had positive values except of C13 where
LiTB was a part of organic phasEhe current in the vials C8, C10, C13, C15 and C16 decreased
to a time of 1000 s and after that time it took a constant value. The cuwrehefvial C12 was

not stable over 3600 s and is significantly different from the otiidses current decreased at first
before increasing slowly after 800T$1e potential and current were not stable as in the experiments

Cg%ZG

with the ratio—3*— (Chapter5). Here, we were not &b to fulfil the equation5.7. The

C§~%26
concentrationof liand K LQ Z DQG ZY DQG [BcHdmeb. ITeRitfothdmidal@eb).

Additionally, KTPBCI is not fully soluble in DCE anid was not possible to maintain the same
£y L Zy TKHUHIRUH PO %$&0 EWthermokeHK 2 Spedidliif Liare
hydrophilic cations which may not be stable in organic phase which result in potential ant curren

signals.

The simultaneousP HD V X U H P H Q W WeRel carifedd@tdoA: TFT as an organic phase
according to schem&.1 and electrochemical cefl. The potential and current were measured
simultaneously during 3600 s (description Giapter5.1) and the graphs”E(t) and I(t) are
presented on Figure® and b, respectively. The conditimwrespondo the vials in Figur®.3.

The experiments were carried out with KTPR@hIs C6 and C7)KTB (vials C5 and C14and
LiTB (vials C3 and CPpwhichwere he salts applying positive potential. In all the experimental

vials the cocrystals were formed at the ITIES.

The potential and current vs. time graphs are less stable than for the vials with DCE (leigure 6.
The potential in vials C3, C7 and C9 were stahltime and C5, C6 and C14 were very unstable
during the whole experiment. For all the vials shown in Figurete potential difference had
positive values. However, for the three latter vials the potential difference values drop off

significantly. Thke current in the vials C3, C5, C7 and C14 increased over time, and the current in
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vial C9 was constant. The current in the vial C6 was not stable over 3600 s and is significantly
different from the others.

Figure 67: Variation of (a) potential and (b)urrent as a function of time fé: TFT mixture as
organic solvent and the various electrochemical 8elbnfigurations. C6tLi.SQ/KTPBCI (F B,
C5 1Li>SQUKTB (- H), C9 tLi»SQJ/LITB (), C7 £LiCI/KTPBCI (F B, C14 +LiCI/KTB (F H
and C3 £LIiCI/LiTB (+ 1.
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Interestingly, local’E maxima seem to correspond to local i minima (and vice versa) in the 1500
+3000 s time framéFig. 68). A similar observation can be made for C5 (to a lesser exiBmse
inverted varidions of current and potential difference could be explained byfahwation /
desorptionof Caff. 1H2N crystals at the ITIESndeed, when the potential is increasing, more
CaffH" is transferring to the organic phasejich results in crystal growth at the interface. As a
consequencemass transfer to the interface might be impededrdadacial surface area available

is decreasing, leading to a drop in currédring the cocrysl formation, protons are released
and could contribute to the decrease of potential differefoe.current increase couldsalbe
associatedvith cocrystals desorbing from the interface and hence leaving a larger interfacial
surface areaSupposedlyK™ and especially Liare hydrophilic cations which may not be stable

in organic phase which result in noisy potential and current signadsidition, it was noted that

in the case of the solvent mixture (A: TFT), one of the solvents evaporated fasttretiudher,

leading to a separation of the mixture and the boundary between the layers began to be visible.

Figure 68: Potential and current versus time for C6 experimeriSO/KTPBCI/A: TFT)
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6.5. Interfacial tension measurements of Caff/IH2N cocryals

obtained under different conditions

Interfacial tension at the molecular level, is the energy difference between molecules at the
liquid interface. It describes how much energy is necessary to create the interface between two
solventqd180]. Interface betweernt@ammiscible liquidsdepends on the nature of these phases, their
chemical structure, and flow dynamics. It is therefore important to study the interactions at the
phase interface to understand the behaviour of these liquids. Interfacial tension (heT@rsrtgy

per unit area of the liquitiquid interface.

6.5.1.Drop shape analysis

The pendant drop method coupled with computer image analysis is fast, inexpensive and accurate
method to measure the interfacial tenfl&i]. The pendant drop tensiometry involves a liquid

drop realised from a needl&80] Geometrical dimension used for the surface tension analysis are
explained in Figuré.9a. S is the distance along the droplet profile from the apex of the droplet,

DQG LV WKH DQJOH EHWZHH t W kel pidfid ol {He QideéDaDa panG W KH V
defined by thex andy coordinategl81].

The drop shape was automatically analysed by data fitting using the Laydare equation.

S

pL¢ L¢2FéeeCV
46

O E
45
Where R and R are the curvature radig, L 2;sF 2:¢and it is the Laplace pressure across the
LQWHUIDFH 0! LV WKH GLIIHUHQFH EHWZHHQ WgKH &HQVLW\ R
& 3V WKH GLIIHUHQFH RI WKH SUHVVXUH DW GURSOHWTYV D
is the gravitational accelerati¢h82] In Figure 69b a captureof pendantdrop during the

interfacial tension measurement is presented.
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Figure 6.9: Schematic showing (a) a captusé pendant drop using the Attension Theta Optical
Tensiometer taken at 0 s. Figure is based off of figures appearing in the One Attension ekperimen

report. (b) an illustration the geometrical dimensions of the pendant drop method.

The experimental setup for the pendant drop analysis is presented on FRgdiee6drop shape
analysis was performed using Attension Theta Optical Tensiometer (T20Bfodin Scientific)
operated by One Attension Software Version 3.2. Measurements were made by means of surface
tension measurements. In this method the shape of the droplet is automatically analyzed by fitting
the data with the Lapla€éoung equation. Thduration of the measurement was 338 minutes.

The experimental liquid was loaded into a 10.0 mL syringe. The drop of experimental liquid was
formed in the second experimental liquid through a vertical staistes$ needle in t$hape
(Hookedneedlefor C205 and C205A/C201, gauge 22 (C2R)). The needle stayed attached to

the droplet to allow the volume of the droplet to be changed. The drojluwamated from

behind Drop image acquisition was performed by USB3 digital camera (2680 fps maix s
calibrated with a tungsten carbide ball (4:QL.0 um). The temperature was always 298K to

maintain a constant solvent density. Density of all the solvents was checked before each
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measurement. The needle was cleaned by sonication in acetoneamaefvater and the syringe

was rinsed with the same solvents.

Figure 6.10: Experimental set up of drop shape analysis.

On the Figure A.0 the scheme of thexperimental set up for pendant drop analysis is presented.
The organic solution was in theubic vial. The volume of organic phase was 30 rAll.
experimental conditions are presented in Fighifel. Two solvents were tested: DCE and the
mixture of anisole: TFT (2:1). The pH of the aqueous phase was always 2 to favour the conditions
for cocrystaformation.An aqueous phase consisted of water with 10 mM LiCl and 10 nm®C,.i
saturated with caffeine. Two solvents were used as an organic phase: DCE and the mixture of A:
TFT (2:1). In addition, the organic phase comprised 10 mM 1H2N and the sattgiroip the
potential at ITIES (1 mM KTPBCI, 1 mM KTB and 1 mM LiTB). The control experiments were
carried out without the potential imposing salts (Figure 6.2). Each solvent was analysed with the
5 aqueous phase compositions according to Figdde @water( F B, 10 mM LIiCI(F FH, 10 mM
LioSQy ( F B and the solutions of 10 mM LiGl- 1), 10 mM LSOy ( - 1) saturated with caffeine.
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Figure 6.11: Experimental conditions for pendant drop analysis.

6.5.2.Interpretation of interfacial tension measurements

Interfacial tensionwas proven to provide important information about the nature of the selvent

and electrolytessed for measurements and its impact on the kinetics that govern processes occurs
at ITIES[108], [154] Thependant drop analysis able to measure the interfadiahsion atTIES.

The differential capacitancgneasured by AC Voltammetin Chapter3.3) of the water/DCE
interface was shown teary with the change ithe ionic composition of the aqueous and organic
solvent phasesThe changes were due to theecific iors adsorptionat ITIES and by ion pairs

formed between ions present in both phd$&8], [183] However, the differential capacitance
measurements had te bupplemented with interfacial tension measurem&htspurpose of this

study was to check the differences in the salts presents in both phases and to distinguish an impact

of organic solventsAll the average values are calculated for the time 280D s

130



Figure 6.12: Surface tension as a function of time for the vials with wakel (LiCl (F B, Li>SQy
(F B, Caff/LiCl (- B and Caff/ LiSQ: (- ) containing(a) DCE and (b) Anisole: TFT as the
organic phase. The error bars are based on the standard ta@viavith 95% of confidence

interval.

On the Figure @2 was presented surface tension dependence as a function oivhiere no
additional component was added to the organic plasé&igure 6.2aDCE was used as a solvent

in organic phaseHere the diffeeences in surface tension when no additional compowas
presentn organic phaswas verified 7KH YDOXH “Lat wat@&@/DEE interface was
found to be in agreement with previous studibg], [184] The surface tensiowas constant in
time when 10 mM LiCl andLO mM Li>SQOs were in the dropleand has high average valugs 64

“ P 1'fand 2 “ P4, RespectivelyThe measurements were shorter for 10 mMm
LiCl and 10 mM LiSQs because it was difficult to maintain the good size of the drop to obtain
valuable results for longer timg54]. Addition of caffeine caused an initial drop of the interfacial
tension.Whencaffeine is present in thegstem, the surface tension is not constant over time. It
decreases at the beginning of the process and increases until 200 s, when it starts toTgtabilise.
FHOOV ZLWK FDIIHLQH KD G4¥2K HO08nWNDd) Xd\Cafi& DI /L & O
0.15 mNmt). On Figure 6.2b we verified the differences in surface tension when no additional
componet was present in organic phaeasisted of A: TFT The surface tension had notably
higher values and it was constant in time with all aqueous solufidwesinterfacial tension is
higher for this mixture of solvents (Fig. @4 than for the DCE (Fig. 62h). This is consistent
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with the surface tension measment of TFT (38 mNm) and anisole (38 mNH) which was a

lot higher than the one of DOBE21] 7KH WHQVLRQ GHFUHVHG DV IROORZV ZI
1 PO /L&O “ 1) an® 10PmM LiSQ “ P Bnd in the cells

withcaff HLQH &DIIl /L&O 1) dnd CaffLiS®y (22.90 “ 03 mNnmd).

Figure 6.13: Comparison of surface tension for various composition of organic phase consisted
of DCE and aqueous phase: watét §, LiCl ( F B, Li2SQy ( F B, Caff/LiCl (- /) andCaff/ Li.SQy

(= 9. Theerror bars are based on the standard deviation with 95% of confidence interval.

The comparison of the surface tension for various condit®msesented in Figure 8. First of

all, we concluded that the addition of 1H2N to theamig phase decreased the interfacial tension.
In the vials when DCE, 10 mM 1H2N and 1 mM KTPBCI were part of the organic phase the
addition of caffeine caused the drop off the surface tension. Where in the vials with 1 mM KTB
and 1 mM LIiTB its value incresed (Figure 6.3 light blue and light green line). The surface

tension took on increasingly smaller values when the following components were added to the
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organic phase: 10 mM 1H2N and 1 mM KTBCI, 1 mM KTB and 1 mM LiTB (together with acid),
respectivelyThere was no particular difference when 10 mM LiCl and 10 md8Qj constituted

the aqueous phase (Figure®dhrk blue and green lingrhen the same organic phase composition

was in the vial. However, there is a difference in interfacial tension wheorgamic phase
contained various cations and anions. It suggested that the interaction between cations and anions
in organic phase and their interactions with Caféil change of the interface structure had the

most impact on interfacial tension.

Figure 6.14. Comparison of surface tension for various composition of A: TFT organic phase and
aqueous phase: wateiH(H, LiCl (F B, Li.SOi ( F B, Caff/LiCl (- /) and Caff/ LiSQy (- 1. The

error bars are based on the standard deviation with 95% of confidenaeahte

The differences in interfacial tension values between DCE and A:TFT suggested that not only the
composition of phases plays role in surface tension but also the choice of the [4@gént.

Therefore, the comparison thfe surface tension when a mixture A: TFT was a solvent in organic
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phase is showed on the Figure4.Eirst of all, we concluded that the addition of 1H2N to the
organic phase lowered the interfacial tension. Similarly, to the experiments with DCE& yialth

with A: TFT, 10 mM 1H2N and 1 mM KTPBCI the addition of caffeine caused the drop off the
surface tension. Where in the vials with 1 mM KTB and 1 mM LiTB its value increased. When
the agueous solution was saturated with caffeine so in the viale Wigecocrystals are formed at
the liquidliquid interface (light blue and light green line) tharface tension valuehangefor
various salts in the@rganic phase. The surface tension drops off after the addition of 1H2N
comparing to the vials with onlyA: TFT and it did not change a lot after the addition of KTPBCI.
However, the interfacial tension decreased in the vials with KTB and LiTB, which was already a
case where DCE was used as a solvent. There is no particular difference when LiGCB&nd Li
constituted the aqueous phase (Fig4lue and green lines).

Figure 6.5 presented theonditions used in cells presented on FiguBe 6. all of these vials the
cocrystals were found on the liquliquid interface after 16h (Chapter 6.2). The experinvess
conducted for 1200 s to check the change in surface tension during the formation of cocrystals.
The comparision of the surface tensiasas drawn for the experiments whé@ mM LiCl (Fig.

6.15 a and c)and 10 mM Li>.SOs (Fig. 6.15 b and d)solution wassaturated with caffeine and
organic phase consisted of DCE (Fig.%aland b) andA: TFT (Hg.6.15 ¢ and d) and various
salts: KTPBCKC16, C8, C7 and C6KTB (C12, C10, C14 and C%)nd LiTB(C13, C15, Gand

C9). In all the experiments the interfact@insion was lower when KTB and LiTBhe average
values was estimated between MO s.The values of interfacial tension welawer for DCE

than for TFT Furthermore, different bevaiour is noticible during the 1200 s of experiments. In the
experimentsvhere DCE was in the organic phase, the interfacial tension was increasing for the
first 300 s and after it was decreasing till 800 s. After this time it stabilised. In the experiments
where A: TFT was in organic phase, the surface tension was increidls®@§ ts and stabilized

after this time.
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Figure 6.5: Thesurface tension as a function of time for Caff SAT in aqueous pha$€T&RICI
(F B, KTB (F B, LiTB (F B in organic phase consisted of DCEHCI (aq) +(a) and L;SQ: (aq)
t(b)) and a: TFT iCl (aq) +(c) and LpSQ: (aq) (d)) according to experimental vial Figure

6.10. The error bars are based on the standard deviation with 9586rdfdence interval.

In the experiments with 10 mM LICl in the ageous phdse average value were 28.5 11

mNm?! for the cell with KTPBCI/DCE (C16) versus22.22 “ 3.4 mNm? for the cell with
KTPBCI/A: TFT (C8), “ PifBrthe cellwitk .7% '&( & YHUVXV “
mNm? for the cell with KTB/A: TFT(C14)and15.24 “ 11 mNnv? for the cell withLiTB/DCE

(C13) versus 146 “ 9 mNm? for the cell with KTB/A: TFT(C3). The values did not vary a

lot when 10 mM LiSOQs was used as éhelectrolyte in the agqueous phase as mentioned in the

description of Figures 63land 6.4. In the experiments with 10 mM 43O in the ageous phase,
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WKH DYHUDJH YDOXH ZHUH YHUA\foy the ted Dith KTPBCI/DCE (C8P 1 P
YHUVXV 35mNmt IRU WKH FHOO ZLWK .73% &0 $ 7)¥for&he
FHOO ZLWK . 7% '&( & Y H UV X%r the cell' with KTBAAPTFT (C5) and

“ P1PRU WKH FHOO ZLWK /L7% '&( & 1¥aA they ceN .
with KTB/A: TFT (C9). The interfacial tension decreased with the increase of the hydrophobicity
of the organic cation (TB> TPBCH)[154]. The presence of Liand Clor SQ? did not change the
interfacial tension significantly comparing to blank but did make the changes in differential
capacitance was alreadpserved beforfl86] Another important point is that like in the case of
impedance measurements, the differences are more visible when 1H2N anda@afftihe vials.
It suggested that there are interfacial interactibesveen these components and electrolytes
present in both phases.

Comparing the results from surface tension measurements to those obtained by XRD analysis
(Section 6.3 we see that where pure phase | was obtavéd C16Fig.6.15a 2055 11
mNm?), the surface tension is much higher than when pure phase Il was olffémee 615d

vial C917.96 “0.09 mNnt). The cocrystals of phase | was formed in the cell C16. Then we had
LiCl in aqueouphase and KTPBCI in organic pleafoth of the cations Land K and anion CI

have chaotropic properties. They caused the mixing of the solvents atihiéiHeaded to easier
acces®f CaffH" to 1H2N and creation of the cocrystals at the organic side of the interface. When
in other @ses the anions and cations presenadueousand organic phase created more
kosmotropic conditionfl87], [188] There is an important correlation between surface tension and
capacitance measurents[186] Increase in capacitance in the LiCl may be caused by the presence
of more chaotropic Cin the aqueougphase. It expanded theidth layer of the mixed solvents
(water/DCE) and the Cafftpenetrated the interface. Also Caffitbelf can act as the chaotrop in
agueougphase due to the increase of the capacitance and pzc shift towards negative 8@Jues.
The hydrophobicity of the interphase increased and it was folldwethe rise of solvents
miscibility. Additionally, thehigherinterfacial tension in the vials with KTPB@han KTBand

LiTB might have promoted the cocrystallization of phase | rather than phase II.
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6.6. Analysis of DoE experiments of Caff/AIH2N cocrystals lotained

under different conditions

Theunrepx package in R was used as a tool to experiments analysis. It is suitable for the analysis
of basicunreplicatedcreening experiments such as#ewel factorial designs and fractal factorial
designs. Here, wieave a set of independent effect estimates, but no degrees of freedom for error.
The analyses are based on these basic assumptions about effect estimates: (i) the effects are
independent, (ii) they all have the same variance, (iii) they are normallyodtstl (iv) minority

of effects is nomegligible (active) and many of effects are negligible (inadih89] £191]. The
functionyates) ZKLFK LPSOHPHQW wadnsedoTegtibate it Bifedtvse results

were at first ranged in standard order.

As the LITPBCI salt is not commercially available, the number of experiments was narrowed
down. A new DoE design was performed using R with 3 factors and 8 repliCh&efactor that
were analysed are presented in Table 6.3.

Table 63: Numerical valuesanverted to+) for minimum values and (+).

Parameters - +
Solvent A TFT DCE
Aqueous phase anion Li2SCy LiCl
Organic phasealt LiTB KTPBCI

The experiment involved 3 factors: solvent (DCE, A: TFT), aqueous phase acid @3Ck) ldnd

organic phaserdon (KTPBCI, LiTB). Each factor had two levels, which were attributed td

value, respectively. In this method, we estimate the impact of these factors on the performance of
the process, giving the response values in a standardised order (frometieerntegpositive). The
experiments from which the reaction yields were determined were: the % content of phase |
according to XRD analysis and the values of interfacial tension. Based on these results the yield

was calculated and assigned to the experiatemals listed in Table 6.4.
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Table 64: Table of data used for data output analysis bylieyellowandgreycolour correspond

to the vials where DCE and the mixturefof TFT were organic phase solvents respectively.

No | Solvent | Acid | Organic Cation | Yield
3 | LiCl TFT | LiTB 1.18
6 | Li2SO4 | TFT | KTPBCI 1.47
7 LiCl TFT | KTPBCI 1.54
8 | Li2SO4 | DCE | KTPBCI 1.32
9 Li2SO4 | TFT | LiTB 1.1

13 | LiCl DCE | LiTB 1.01
15 | Li2SO4 | DCE | LiTB 1.1

16 | LiCl DCE | KTPBCI 1.96

The packageinrepx provide graphical analysis of the datatput to identify important effects.

Figure 616 showed (a) the halfiormal plot and (b) pareto plot from which the active effectse

determined. Haihormal plot was drawn biinplot (. The labels are added to the valuest th
crossed value 0282 (Fig. 6.16a). The reference line wasldedby thedefaultZahn methodblack

line). It is based on the slope of a line fittedtie lowestwo-thirdsof the points in the halfiormal
plot. The bluedots correspondo positive effects (DCELICI, and KTPBC). It seemed that

KTPBCI is the most important active factasit had the largest values, exceeding refereS¢e

=0.2282.
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Figure 616: Graphic tools to identify active effeds) the halfnormal plot and (b) pareto plot.
The blue ones to positive etts (DCE LiCl, K*, TPBCI). 1 - Organic phasesalt, 2 - Organic
phase salt Aqueous phase electrolyt®2 - Aqueous phase electrolyté- Organic phase saltt

Solvent 5 +Solvent.

The pareto graphs were drawn usingpheplot () function. This is dar chart with bars organised
by effect size. The graph has been marked with the margin of error (ME) and the simultaneous
margin of error SME of the effects, which is larger thandffiect size The auxiliary linesn the
Figure 616b (reference SD (aME and SME (b)) arelone via goseudestandarderror estimate.

It was assumed that teparsityof-effectsand equal variances allowed the standard error of effects
to be estimated by looking at the variability of smaller effeth& PSE § command was sl to
calculate themThere isa linked reference distributionwhich can be estimated through the
simulation ofthe tstatistic for independent inactive effecthie 95th percentile of the reference
distribution [t| represents the critical valddultiplying this critical value by the PSE, gives the
margin of error (ME) for assessing effec&multaneous margin of error (SME) is based on the
max [t| from every effectUnfortunately,any of the effect did not exceed this value so the effects

can be not try active. However, these active effects are consistent with the results obtained in the
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AC voltammetry and interfacial tension studies. It was proven that mainly the cations and anions
present in organic phase wenéluencing the changes between the wial

6.7. Conclusions

In the shakdlask experiments of poorlyatersolubledrugs i.e. piroxicam, sildenafil, diclofenac
and ketoprofen the crystals were not formed at the ktigidd interface. The DoE analysis did
not find as well the factor that couldgmove this crystallization due to the fematerialdor further
analysisthat was present at the liquliduid interface. A perspective for these experiments would
be to add a coformer to the aqueous phase and to increase their concentration so asan obtai

almost saturated solution.

The shakdlask experiments of the caffeine and 1H2N supplemented and summarised previous
knowledge of cocrystals formed at the liquiguid interface. In all experimental vials the
Caff:1H2N cocrystals with acceptable anmt and size were found at ITIES. These complexes
were analysed by XRD to find the quantity of phase | and Il and were followed &iyrthikaneous
PHDVXUHPHQWYV RI agdinte@&cialDevisigrymebsuremeXxiRD shows that most of

the experimental conditions g 80:20 mixture of phase Iphasel with two exceptions. For

cell C16 (LICl//KTPBCI in DCE) a large majority of pke | is observed (95 )%ndfor cell C9
(Li2SO4/ILIiTB in A: TFT), 92 % of phase Il was collectéa. both vialswe used completely
different components, with the exception of caffeine and 1H2i¢.conditions to obtain almost

pure Phase | and Phase Il edound.

Next, "E and | were measured simultaneously for all conditions described. Ldawealues were
measured for C16"€ = 0.18 V after 3600 s) againsE = 0.65 V for C9 (after 3600 s too). This
lower potentialfor C16, alongwith lower current valuessuggestealower transfer kinetics of
CaffH" from aqueous to organid.his means thatuch more species transferred in the cell C9
than C16 andhe applied potential influences the kinetics of the process, as crystals of different
phasesvereobtained However this aralysiswould have to be supplemented in EN analysis, thus

the programming of the calculation should be developed.

Pendantdrop measurements showed that the addition of 1H2N and caffeine had an influence of
the interfacial tension. However, when the inteefavas polarised, there was significant influence
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of the aqueous electrolyte anion or of the nature of the solualike the nature of the organic
electrolyte anionAddition of KTPBCI, KTB and LiTB to the oil phase decreased the interfacial
tension in omparison with the control experimeiihe decrease in surface tension was especially
visible for KTB and LiTB saltshecause these salts are mbselrophilic Also, Li* is more
hydrophilicthan K so ittransfersmore easily to the agueous phaskaotropt effects from C|
CaffH" and TPBCImight favour thepreferential phase | polymorph.

Summarising the results by means of a DoE analysis made it possible to find factors that actively
influence the cocrystallisation proceB®E analysis indicated thatainly thesalt of organic phase

was amactive factorthat influence the differences between the cocrystals formed at-liquid
interface. Therefore, the interfacial cocrystallization was indeed controlled by the chemical
polarizationwhich is proven &o by statistical analysis.
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7. General conclusions

The research waecus on thanterrogation of theocrystals formation at liquitiquid interface
and the influence of the interface polarization and phase composition on the cocrystallization

process.

Electrochemicaimeasurementby the means of cyclic voltammetry study provedt affeine

turned out to be the best candidate for the electrochemically driven cocrystallization. It is
transferred across the ITIES and ihighly solublein water. Caffeine was studied at various pH

pH 2 was chosen as the most suitable for cocrystals formation. 1H2N did not transfer at ITIES and
it was chosen as the cocrystal conforn®C Voltammetryshowed big difference in pzc and
capacitance ipresenceand alsence ofCaffH" and 1H2N. The resultssuggestd that these two
molecules are intéacially active.Mainly, the effect of the anion in the organic phasas
identified as the one that most alteqgzt and capacitance

Cocrystals ofCaff with 1H2N of high pirity were formed upon chemical polarisation of fREES.

Raman spectroscopy confirmed that the products collected at the ITIES were cocrystals of Caff
1H2N and that they were free of starting reagents and solvents. By applying low interfacial
potentialdifference, we were able to inhibit the cocrystallisation process. Moreover, manipulation
with the applied potential has allowed the formation of a large majority of a polymorphic form.
Indeed, XRD analysis showed the two different polymorphs were obtailegednding on the
presence of the interfacial polarisation. For 4pafarised interfaces (control experiment), a
mixture of cocrystals of phases | and Il were obtained, whereas cocrystal of phase | were formed
when a high interfacial potential differenceas applied. Based on the XRD and Raman
spectroscopy, we can clearly state that the compounds obtained at the interface are the cocrystals
of caff: 1H2N and not the salts, which was additionally emphasized by the change of pH, before
and after the cocrydtsation process. Such cocrystallisation opens up perspectives for better
control and understanding of the cocrystallisation process through polarisation changes-at the oll

water interface.

To further investigate the mechanism behind the cocrystals fimm&multaneousanalysis of
potential and current was performechelpotential for the designed electrochemical cells with

various ratio of concentration of tetraalkylammonium salts in organic and agueous phase was
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monitored. It was found to be in goodraement with the theoretical values based on the Nernst

like equation. The results were similar for three ions: tetramethylammonium, tetraethylammonium
and tetrapropylammonium, which indicated that the potential values depend uniquely on the ratio
4.
K::6

phases, we were able to obtain suitable potential values to drive the cocrystallisation process.

. Thus, by varying the ratio of concentrations of¢bexmonion to the organic and aqueous

Addition of Caff and1H2N to thesewell-defined electrochemical cells allowdte monitoring of

the potential and current at the ligtliquid interface. Analysis of the electrochemical current noise
showed a clear difference between cells in which cocrystals are formed and those in which
cocrystallisation is hindered, either by a negative potential or by a change in pH. Caffeine transfer
and cocrystal formation generate different signals with current maxima at frequencies in the 0.1

1 Hz range. The EC method is a powerful tool to foltbeschanges occurring at ITIES in common

ion experiments by simultaneous measurement of potential and ci@uehta method could be

used to follow other processes at the ITIES e.g. catalytic reactions, NPs assemblies etc.

The shakelask experiments ahe caffeine and 1H2Mith modifiedagueous and organahase
compositiorsupplemented and summarised previous knowledge of cocrystals formed at the liquid
liquid interface. In all experimental vialthe Caff:1H2N cocrystals with acceptable amount and
size were found at ITIES. These complexes were analysed by XRD to find the quantity of phase |
and Il and were followed by th LPXOWDQHR XV PHDVXUH P tg\mterfieial " ( DQG
tension measurement. XRD shows that most of the experimental oasdijive an 80:20 mixture

of phase ll;phasd with two exceptions. For celontainingLiCl in aqueous phase and’'RBCI

in DCE a large majority of phase | is observed (95a#dfor cell with Li>SQu in aqueous phase
andLiTB in A: TFT, 92 % of phase Il wacollectedln both vialswe usal completely different
components, with the exception of caffeine and 1HPIN: conditions to obtain almost pure Phase

, DQG 3KDVH ,, ZHU B ard X Qd¢te mkebbklivéd simultaneously for all conditions
described. Lower’E values were measured ftre cellwhen Phase | was foundhis lower
potential forfirst cell, alongwith lower current values, suggestibat less speciesf CaffH" from
agueous to organare transferred in this celThis means that the applied potential influences the
kinetics of the process, as crystals of different phageeobtained Pendantiropmeasurements
showed that the addition of 1H2N and caffeine had an influence of the interfacial tension.

However, when the interface was polarised, there avagnificant influence of the aqueous
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electrolyte anion or of the nature of the solvent, unlikertature of the organic electrolyte anion.
Addition of KTPBCI, KTB and LiTB to the oil phase decreased the interfacial tension in
comparison with the control experiment. The decrease in surface tension was especially visible for
KTB and LiTB saltsbecauséhese salts are mohgrdrophilic Also, Li* is morehydrophilicthan

K™ so ittransferamore easily to the aqueous pha3kaotropic effects from GIiCaffH" and TPBCI

might favour thepreferential phase | polymorph. DoE analysis indicated that mainlyattoeeof

organic phase was an active factor that influence the differences between the cocrystals formed at
liquid-liquid interface. Therefore, the interfacial cocrystallization was indeed controlled by the
chemical polarizatiomhich was proven also lihe statistical analysis
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8. Future work

This researciprovided a lot of interesting information on the mechanism of cocrystal formation
and the electrochemical controltbe cocrystallisation processottever, many topics in this work
requirefurther investigationThe chemical polarization of the liquldjuid interface allowed to
control formation of caff: 1H2N cocrystals. The application of negative potential inhibited the
cocrystallization and the application of positive potential leadetig¢ formation of cocrystals of
Phase 11. As the manuscript is based on a novel strategy of cocrystallization in order to validate
the methodt needs to explore more examplé#svas a prooff-concept study and it demand to
be extended for other cofoers of caffeine such asiydroxy-2-naphthoic acid and-Bydroxy-2-
naphthoic acid which created various polymorphic form via interfacial cocrystallization in
previous studief27] The next step would be to investigate other coformers for caffeine like
organic acidsand other drugs that form cocrystals with cofomers of oppaesiigbility. The
research could be interesting in protein crystallization because applied potential alidigdid
interface changed the cocrystals size and quantity at -oihterterface[126] Except of the
pharmaceutical and biological ugee control of crystallization at liquitiquid interface could be

used in theil industry to stop the formation of undesirable inorganic $ajts.

The simultaneous analysi$ potentiaO  (gnd curren{l) has produced a system that works in
accordance with the theoretical assumptions, but needs refinement. Mainly because of the delay
between the timepti.e. thetime of cell establishmentnd the time at wbh the measurement

starts In our experimental setp, there is a delay @pproximately 30.sAnd the work of other

groups has shown that this can be an important time in tg sfiuhe mechanism at the liquid

liquid interfacg¢102]. A setup was used that allowed measurements from mEhe equipment
presented on Figure 8should be used for simultaneous measurement of potential and current.
The aqueous and organic phase are separated ardubbleinside of the tip of the capillary.

The bubble can be removed by the syringe connected with the capillary and the phdses

contact.
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Figure 8.1: Schematic diagram of the electrochemicalgetallowing to start measurements at
time b [102]

Another solution to encounter this problem would be the use of the microfluidiceelbaThey
were already applied at ITIH%92] Here, the aqueous and organic phase undergo simultaneous
laminar flow. The microfluidic crystallizers were alsapplied in pharmaceutical industry to

increase the performanaad controbf thecrystallization procesd.93], [194]

The electrochemical noise analysis (EN) proved to be the powerful tool to examine the differences
between the various conditions and under the different polarizations capplie analysis and
background subtractiowere made manuallyn Excel calculationsas explained in Chapter 5.1
Theprogramming of the calculatiamg. by using Matlab softwamould be necessary to analyse
bigger set of data which was proven for exanipl€hapter 6.4Programmed calculations, would

allow the input of experimental values from which we would automatically obtain the parameters
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of interest described in section 53uchprobing interfacial cocrystallisation using simultaneous
potential anccurrent measurements at ligtiquid interfaces polarised by common ion approach
could be extended to other shédlask experiments where thecking changes at the liquidjuid

interfacewas not previously possibie vivoand in real time.

The designof experiments (DoEgnalysis provided lot of valuable information on the main
factors influencing the formation ohpse | and phase Il cocrystatowever, more sophisticated
statistical analysis would be needed for a broadetysis of the data obied. Designing a test
with more than two factors, i.@ 3-level generalfull factorial experimentsather than &-level
regular tractiona) factorial designwould allow more salts in the organic phase and more organic
solvents to be testedlso the aalysis of the data could have been extended to include, among
other things, theesponsesurfacemethodor ANOVA in order to better understand the influence
of the factors tested.

Thisresearclprovided many experimental results. Undoubtedly, an imponxitstep would be
to combine experimental and theoretical results throtighh molecular dynamics(MD)

simulations
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APPENDIX 1

Instruments and methods

High Performance Liquid Chromatography (HPLC)

Chromatograms were recorded using a Shimadzu HPLC with UV/Vis detector. The used column
ZDV FRPPHUFLDOO\ DY D L0882 ByOMérck.KTbeRsBIRiGhs W dr$yssngere filtered

by a syringe filter before injecting into the HPLC. Chromatograms were recorded at 254 and 275
nm for piroxicam, diclofenac and KTPBCI. Mobile phase flow rate was optimized 2.0 mLmin

and all the experiments were performed at room temperature.

Chronoamperometry

The chronomperometry measurements were run with an Autolab potentiostat PGSTAT302N
controlled by NOVA software (Versiah l). All measurements were performed in a custom made
four-electrode glass cell with an interface area of ~1.13 &atinum mesh was used a®th
counter electrodes. Ag/AgCl were the reference electrodes in both phases. Examined compounds
were dissolved in aqueous and/or organic phase electrolyte solution before filling the cell. Water
was used as an aqueous phase and RGE was used as an orga solvent in each experiment.

The volume added to the cell in each phase was always exactly 2.5 mL.

Chronoamperometry allows the application of the potential difference across the interface from a
region where there is no Faradaic process to a poteriiere a Faradaic process appears and the
control of the mass transport is possible. The response of the electrochemical system of potential

change is tracked in time, which results in current versus time I=f (t) gi&ahs

In classical electrochemistry a Faradaic process is a charge (electron) transfer between-electrode
electrolyte interfaces which take place at the surface of theadectSuch reactions are the subject

to Faraday's law:
xE Ll
Lo L Jg( 5 (1)

Where, Q is the charge which passes through the working electrode, N is the amount of reactant,

Jgis the number of electrons exchanged and F is the Faraday cfirggant
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By measuring the variation of the current with time, we can calculate the load. Indeed we obtain
the load from the following relation:

Q=lt (2)

Taking into consideration that in electrochemistry at ITIES the charge being transferred across the
LOQWHUIDFH DQG JLYH ULVH WR D FXUUHQW KHQFH ZH FDQ DS:¢

Q=zFN 3
Where zisthe charge of ion is treferred, and N is the number of moles of transferred ion.

In this chapter, cyclic voltammetry was used to determine the ion transfer from an organic phase

to an aqueous phase and to initiate precipitation of cocrystals. Electrochemical experiments at the

, 7,(6 ZHUH FDUULHG RXW WR PRQLWRU WKH WUDQVIHU EHKD)
LLI. The effect of pH on the ion transfer at the ITIES was studied to understand the processes
occurring at the polarised LLI. In order to achieve electroctelhgi controlled cocrystallisation

of drugs, it was important to verify that ions are transferred at the interface.

The ITIES allows the application of an external potential that can induce the transfer of the ionic
species through the interfd68]. Preceding the preparation of-coystals, it was necessary
perform the screening of the API and coformers, which comply with both: (i) the regulations of
the creation of pharmaceutical cocrystals as well as with (i) the rules governing the
electrochemistry at ITIES. The studied drugs were already examinsaltiogtic of pharmaceutical
cocrystals formatid7], [40], [137]4143]. For the purpose of the study, four drugs with low
solubility in water (piroxicam, sildenafil, diclofenac and ketoprofen) and one with high solubility
in water (caffeine) and emical structure proper for creation of cocrystals were selected. Features
that were mainly considered were: (i) water solubility, (i) amphiphylic properties with 0 < log P

< 3, (iii) electrical charge and (iv) selected chemical groups to create cogrystal
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Characterisation of the product of the metathesis reactionpiroxicamH *-
tetrakis (4-chlorophenylborate).
H NMR

In order to prove formation dPH'TPBCI the’H NMR spectrum was used and the results are

presented in Tablg. The marking protons arevgn in Figure 1.

Tablel: Chemical shifts for the 1H NMR spectrum of piroxicam; fsH13N304S), K TPBCI
(C24H16BCLK). 1 proton = 0.19unit area andPH" TPBCI. 1 proton = 0.75unit area.

Chemical
. Theoretical number of ) )
shift Shape Area Assignation
protons
[Ppm]
PH*
13.5 singlet 0.78 1 OH(1)
9.1 singlet 0.42 1 [NH(9)]
8.4 singlet 0.77 1 H(11)
8.1 doublet 1.20 2 H(14), H(2), H(5)
7.9 triplet 3.63 4 H(3), H(4), H(13)
7.2 doublet 0.95 1 H(12)
2.95 singlet 3.00 3 H(6), H(7), H(8)
1,922 triplet 151 3 Impurity (?)
Total 12.26 13
K* TPBCI
Multiplet
7.147.22 0.99 5 H(1), H(4)
(septet)
7.027.1 doublet 1.00 5 H(2), H(3)
1.82.4 Triplet 0.96 5 Impurity, solvent
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2526 Singlet 0.02 Impurity, solvent
Total 2.97 16
PH® TPBCI

9.6 Doublet 0.95 H[N(10)]

9.4 doublet 0.96 HIN(9)]
8.58.6 doublet 0.95 H(11)

8.4 Multiplet 0.96 H(2)
7.98.1 multiplet 5.11 A, H(:)( ’1;(4)’ A3),
7.7-7.8 doublet 0.51 H(5)

7.457.55 Doublet 4.39 TPBCI
7.357.45 multiplet 1.51 TPBCI
7.2-7.35 doublet 4.11 TPBCI

15 singlet 3.00 H(6), H(7), H(8)
Total 22.45 30

Following thecalculations 1 proton = 0.94nit area, it was possible to assign protons and compare

the theoretical number with the spectrum. The signals in therredichemical shift 8-4.2ppm

were assigned to the aromatic pyridine and benzothiazine f1833. The spectrum present

characteristic signalfg@rotons at 2.95 ppm, which corresponds to the methyl group and we could

observe the signal at 13.5 ppm, which was for the result of the OH [jr88ip.
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Figure 1: Assigned hydrogens in the structure of piroxicam (a) and KTPBCI (b).

The'H NMR spectrum ofPH" TPBCI showed variation othemical shifts of some protons
comparing to the spectrum of piroxicam alone. It occurred due to the various electric states upon
protonation and deprotonation of piroxicam. With decrease of pH, the protonated form of
piroxicam showed up, and the differescin aromatic rings could be observed. Aromatic rings
protons were up field shifted at 8:67.8 ppm upon metathesis reaction. The chemical shifts of
pyridyl protons were susceptible to protonatji@9]. The chemical shift could correspond to the
noncovalent interaction with TPBCJ197]. Between 7.55 and 7.35 ppm were the doublets and
multiplets which correspond to TPB@hgs. The number of protons did not correspond to the
theoretical one, since the OH gmuanished but the new signal at 9.6 ppm occurred which was

assigned to the protonation of pyridine group and the large shift for the H (9) was be present.

Mass spectrometry

Mass spectra were used to confirm the structure of the salt GFPRBCI. Accordng to Table2,
the mass determined for the sample corresponded to the calculated mass. So, the mass

spectrometry experiment confirmed the presence of the salt after the metathesis experiment.

Table2: Mass determined for the PHPBCI salt prepared by etathesis.

Theoretical molecular weight Control molecular weight Salt molecular weight
° [g mol] [g mol] [g mol]
PH* 332.35 332.08 332.08
TPBCF 457.09 458.01 457.01
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Total 879.57 880.09 879.09

Evidence of the absence transfer of PirHfrom organic to aqueous by

ionolysis followed by HPLC analysis.

Chronoamperometry

To investigate the transfer of PitHrom organic to agueous phase the chronoamperometry

experiment were performed. The initial concentration 5mM of P¥ABCI in 1,2 DCE were

placed in the cell as organic phase and water were used as aqueous phase and left for approximately
K DW -0.8 V. The applied potential assured us that Pghbuld be transferred, according to

the rules governing electrochemistry at the ITBES$. The solution after the chronoamperometry

experiment was further analysed by HPLC due to determine the concentration of Pir in the aqueous

solution.

In order to deteninate the concentration of PitHin the aqueous phase after the
FKURQRDPSHURPHWU\ SURFHVV WKH —/ RI DTXHRXV SKDVI
LQWHUIDFH 1H[W WKH —O VDPSOHV ZHUH LQMHFWHG WR V
PirH" and TPBClin agueous phase.

HPLC

In order to further investigate the transfer of cationic form of Piigh performance liquid

chromatography (HPLC) was used.

The mobile phase used in HPLC was acetic acid (pH 2.0, 0.05 M): methanol, and teatgradi
elution, initially 20:80, 10 min. 80:20, 20 min 20:80 y2A00]. Aqueous acetic acid solution was
prepared by diluting 20 mL acetacid (100%, Sigma Aldrich) in 2000 mL highly pure water. To
perform the salt effect, the small amount of NaN@re added to the solution. In order to prepare
piroxicam stock solution, 20.0 mg piroxicam was accurately weighed, dissolved and diluted to
50.0 mL in methanol. Six standard solutions ranging from 0.001 to 0.08 mM were prepared.
Firstly, it was necessaty measure the retention time and peak area of piroxicaii?BCI and

to create the calibration curve for both compounds. The retention times are presented in Table 3.
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The one of piroxicam corresponds to the one found in the literg2003 The calibration curves
are presented in Figug

Table 3:Retention time of piroxicam and KTPBCI.

Compound Retention time [min]
Piroxicam 2.7
KTPBCI 6.9

Fig 2: Calibration curve of piroxicam (black) and KTPBCI (red).
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The concentration of transferred piroxicam was presented in Babléhe concentration of
transferred piroxicam was not equal in every experiment and that there was natallegy aith

time and the concentration of transferred PirHhe average concentration of piroxicam
0.000145mM (Tablet) did not correspond to the concentration calculated based oh &l

initial concentration of Pir 5 mM. The fault can derive from alogeof piroxicam in the sample

due to sample taking too far from interface. However, in the chromatogram on &jgbege is

no peak of TPBCI This is logical, because such hydrophobic anions are not transferred at ITIES.

Table 4:Concentration of proX FDP WUDQVIHUUHG GXULQJOBXhEBReQ&DP SHUFR
)DUDGD\YV ODZ

IA] t[s] QI[C] n [mol] ¢ [M]

4.33E07 |1.09E+04 |4.72E03 |4.89E08 | 1.95E05

3.66E05 |1.65E+04 |6.04E01 |6.26E06 |2.50E03

193606 |1.72E+04 | 3.32E02 |3.44E07 | 1.38E04

8.97E07 | 2.00E+04 |1.79E02 |1.86E07 | 7.44E05

Based on the results of cyclic voltammetry and chronoamperometry, thé dairin was not
transferred at ITIES and cocrystals formed with it cannot be electrochemically controlled. These
salts proved not to be goodrdidates for electrochemical control of cocrystal formation at the
LLI. Although, it indicated that it may be interesting to create the cocrystals of piroxicam by
dissolving cocrystaling agent in aqueous phase and limit the scale of experiment to avoid th

diffusion limit.
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APPENDIX 2

DoE Experiments

Shakeflask experiments of selected drugs

Figure 3: Experimental set up presenting chemical polarisation of the interface. BB
(triphenylphosphoranylidene) ammonium chloride; KTPB@ltassium tetikis (4chlorophenyl)
borate; KTB tpotassium tetrakis (pentafluorophenyl) borate. The dashed line indicates the liquid

liquid interface. NPxnon-polarized.

On the Figure8 the experimental set up is presented. It consisted of two immiscible solutions i
order to form the interface. The aqueous phase was a solution of 10 mM LiGE@ (Fig 3

Vial 1) and KTPBCI or KTB (Fig Vial 2). The organic phase (immiscible with water) was various
concentrations of tested drug in DCE (yellow) or TFT (red). kolig salts were added to the
organic phase of the twphase systems to chemically polarize the interface: BACI for a low
potential and KTPBCI (DCE) or KTB (TFT) for high potential. The ions present in the system are

distributed in equilibrium between theweous and organic phases, resulting in a change of
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interfacial potential: ¢%6)[156], [157] In case of negative potential (Fig Vial 1 and 2), the
standard transfer potential of BA¢S bfoe =-0.67V)is lower than the standard positive potential

of lithium ( ¢§ 6/‘{@: 0.610 V)[91] so lithium will not transfer to the organic phase. However, when
in the cel we placed KTPBCI (Fig3 Vial 2 DCE) or KTB (Fig 3 Vial 2 TFT) standard transfer
potential of K is higher than the one of the drugs presents in the organic pb;%\ééa(:OBSV)

so there is an ion exchangkn additional biphasic system without salt imposing potential in
organic phase was prepared as a control sample3Wigls 3 NP). The vials were left for 16h.

Crystallisation of drugs was invegéited through shakifask experiments. The factors that were

considered were:

- form of drug (cationic, anionic, neutral)

- drug concentration

- pH

- selection of acid

- selection of aqueous electrolyte (LiClo&(x)
- Li* concentration

- interface polarization

- choice of solvent (DCE, TFT)

The composition of the following vials were projected with Design of experiments by the R
software packagdRcmdrPlugin.DolEL77] and Doe.basgl78]. This tool enabled the design,
control and export of experimental conditions. For the purpose of this study the Regular
(Fractional) Factorial 2evel design was found to be the more suitable to find the active factor at
two levels (1, 1) which may influence the interfacial crystallization/cocrystallizatAhyvials

were left for 16h.Table 5 lists the factors that needed to be investigated for their effect on
interfacial crystallisation. For piroxicam and sildenafil,a@tbrs were considered at 2 levels and

16 runs, resulting in the experimental vials in Figbaeand b. For ketoprofen and DFA, 7 agents

were considered over 2 levels and 16 runs, resulting in the experimental vials inS€iguiced.
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Table5: Factors aml assigned variables for DoE experiments for piroxicam.

Piroxicam

No | Reaction condition | -1 1 Unit
1 | Form of drug Neutral | Cationic| -

2 | Concentration of drug 0.5 2 mM
3 |pH 0.5 1.5 -

4 | Acid HCI HNOs | -

5 | Salt Li2SQy | LiCl -

6 | Concentration of 'i |5 10 mM
7 | Polarized no yes -

8 | Solvent 1.2DCE | TFT -
Sildenafil

1 | Form of drug Neutral | Cationic| -

2 | Concentration of drug 0.5 2 mM
3 |pH 0.5 2.5 -

4 | Salt Li2SQv | LiCl -

5 | Concentraton of i | 5 10 mM
6 | Acid HCI HSOy | -

7 | Polarized no yes -

8 | Solvent 1,2DCE | TFT -
Ketoprofen

1 | Concentration of drug 0.5 2 mM
2 |pH 7 12 -

181



(@)

(b)

3 | Salt LioSQy | LiCl -

4 | Concentraton of i |5 10 mM
5 | Polarized no yes -

6 | Solvent 1,2DCE | TFT -

7 | Base LiOH NaOH | -
Diclofenac Free Acid

1 | Concentration of drug 0.5 2 mM
2 | pH 7 12 -

3 | Salt Li2SQy | LiCl -

4 | Concentration of i | 5 10 mM
5 | Polarized no yes -

6 | Solvent 1.2DCE | TFT -

7 | Base LiOH NaOH | -
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(c)

(d)

Figure 5. Experimental set up presenting chemical polarisation of the interface applied for DoE
experimentsf poorly water soluble drugs: piroxicam, sildenafil, ketoprofen and DHA. BRGI
(triphenylphosphoranylidenemmoniunthloride; KTPBCF potassiuntetrakis @-chlorophenyl)
borate; KTB tpotassiuntetrakis pentafluorophenylborate The dashed linedicates the liquid

liquid interface. NP+nonepolarized.
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Shakeflask experiments of weak basegpiroxicam and sildenafil

In Table5 are listed the factors and assigned variables for DOE experiments for piroxicam and its
salt Pif-TPBCI. The factorghat were verified are (i) drug form, that is the difference between
the neutral and the cationic salt, (ii) concentration of drug between 0.5 mM and 2 mM (iii) pH of
the aqueous phase 0.5 or 1.5 which favours the piroxicam protonation, (iv) acid cisadge the

pH, (v) aqueous phase electrolyte (vij tdoncentration in agueous phase, (vii) if the interface will

be polarized or not and (viii) impact of DCE and TFT. Interface was polarized with the 5 mM
concentration of BACI. This cation in organicgde cause the negative polarization which is a
suitable potential for weak bases transfer.

Figure 6: Biphasic system of piroxicam. Orang@ FT, yellow+1.2-DCE; NP xnonpolarized.

After 16 hours of experiment only in three vials (Figure 6 vials PPy and P16) there were
crystals found at the liquitiquid interface. However, there was not enough precipitate to collect

from the phase interface and to check the structure in Raman spectroscopy or XRD.

In Table5 are listed the factors and assigned variables for DoE experiments for sildenafil and its
salt Sif-TPBCI. The factors that were verified are (i) drug form, that is the difference between the
neutral and the cationic salt, (ii) concentration of drug bebA®5 mM and 2 mM (iii) pH of the
agueous phase 0.5 or 2.5 which favours the sildenafil protonation, (iv) aqueous phase electrolyte
(v) Li* concentration in aqueous phase, (vi) acid used to change the pH, (vii) if the interface will

be polarized or notral (viii) impact of DCE and TFT. Interface was polarized with the 5 mM
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concentration of BACI. This cation in organic phase cause the negative polarization which is a
suitable potential for weak bases transfer.

Figure 7: Biphasic system of sildenafikisalts. Orange+TFT, yellow £1.2-DCE; NP +non
polarized.

After 16 hours of experiment only in four vials (Figuteials S7, S8, S13 and S14) there were
crystals found at the liquitiquid interface. However, as with piroxicam, there was not enough
precipitate to collect it from the phase boundary and check the structure by Raman spectroscopy
or XRD.

Shakeflask experiments of weak acidstketoprofen and diclofenac

In Table5 are listed the factors and assigned variables for DoE experimentsdprdien. The

factors that were verified are (i) concentration of drug between 0.5 mM and 2 Y1 @if the
agueous phase 7 or 12 which favours the ketoprofen deprotonation, (iii) aqueous phase electrolyte
(iv) Li* concentration in aqueous phase, (Vhé tnterface will be polarized or not and (vi) impact

of DCE and TFT, (vii) the bases used to adjust pH of the aqueous solution. Interface was polarized
with the 5 mM concentration of KTPBCI in case of DCE and KTB when TFT was the solvent of
organic phaseThis salt in aqueous phase caused the positive polarization which was a suitable

potential for weak acid transfer.

After 16 hours of experiment some precipitation was found at the lguidl interface in all the
following vials on Figure8: K2, K4, K9, K10, K6, K8, K12, K13 and K16. The deposit was present
in the vials with DCE as well as TFT. The most of the deposit was found in three vials @igure
vials K9 and K1§. We collected small amount of product to make the analysis in Raman

spectroscopy. lall the Raman spectra was found a peak characteristic for ketoprofen (1)00cm
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Figure 8: Biphasic system of ketoprofen. Orangj€FT, yellow£1.2-DCE; NP +non-polarized.

In Table5 are listed the factors and assigned variables for DoE experifoe@&A. The factors

that were verified are (i) concentration of drug between 0.5 mM and 2 mM (ii) pH of the aqueous
phase 7 or 12 which favours the diclofenac deprotonation, (iii) aqueous phase electrolyte (iv) Li
concentration in aqueous phase, (¥héd interface will be polarized or not and (vi) impact of DCE

and TFT, (vii) the bases used to adjust pH of the aqueous solution. Interface was polarized with
the 5 mM concentration of KTPBCI in case of DCE and KTB when TFT was the solvent of organic
pha®. The K in agueouphase caused the positive polarization which was a suitable potential for

weak acid transfer.

After 16 hours of experiment some precipitation was found at the Jlgguid! interface in all the
following vials on Figured: D2, D4, D5,D6, D7, D8, D9, D11, D12, D13 and D16. The deposit
was present in the vials with DCE as well as TFT. The most of the deposit was found in three vials
(Figure 6.4 vials D4, D&nd D1).
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Figure 9: Biphasic system of diclofenac. Orang@FT, yellow+1.2-DCE; NP tnonpolarized

The output results were analysed by R software however the active factors were not statistically
significant.
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