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Abstract

Project Code : MRG5480209

Project Title : An Examnation of the Thermodynamics of Fusion, Vaporization and

Sublimation of (R,S)-Flurbiprofen by Correlation Gas Chromatography
Investigator : Dr. Patamaporn Umnahanant , Kasetsart University
E-mail Address : cvtpmp@ku.ac.th

Project Period : 1 year

Abstract: The vaporization, fusion and sublimation enthalpies of (R,S)- and (R)-flurbiprofen
at T = 298.15 K are reported and compared to literature values when available.
Correlation gas chromatography experiments were first performed to identify appropriate
standards that could be used for materials containing a single fluorine substituent.
Subsequent correlations resulted in a vaporization enthalpy for (R,S)-flurbiprofen and (R)-
flurbiprofen , AH,,,(298.15 K), of (127.5£5.5) and (127.4+4.7) kJ°moI'1, respectively.
Fusion enthalpies, AH;s(387 K), of (28.210.3) and AH;(381 K) of (22.8+0.3) kd-mol”
were also measured by DSC for the racemic and chiral forms of flurbiprofen. Adjusted to T
= 298.15 K and combined with the vaporization enthalpy resulted in sublimation
enthalpies, AH,,,(298.15 K), of (155.615.8) and (145.11£5.7) kJ-moI_1 for (R,S)- and (R)-
flurbiprofen, respectively. The fusion enthalpy measured for the racemic form was in
excellent agreement with the literature value while the sublimation enthalpy varies

substantially from previous work. Two weak solid-solid phase transition were also

observed for (R)-flurbiprofen at T = (353.9 K (0.30+0.1) and 363.2 K (0.21+0.03) kJ-moI'1).
Keywords : flurbiprofen; sublimation; vaporization; fusion enthalpies; correlation—gas

chromatography; differential scanning calorimetry (DSC); physical characterization;

thermodynamics
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Executive Summary
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An examination of the thermodynamics of fusion, vaporization and sublimation of several parabens

by correlation gas chromatography
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o & A = wa A ¢ v Y v Ao
Falunurauls Fanuaudinaneslulawninguesy (RS WWinsmgaunig  doyaninisseanu

Y

YY) Aav a A v PxY) i 5-7 i = o
Ludwazauidenineidosagulinemised 1 n1sdgulladlasssuUNanieaukuuved (R,S)-
. Yal o7 = = gj a o [ = o %
flurbiprofen ladin1sseuly”  Falaseguuuuniislutuinannsidudeasgnyilvivasuiainiy

NIEUIUMSIUNTNARBINIETS differential scanning calorimetry (DSC) #saldian15nnNEnae1951AL57

a

Me heptane Mgaumadl -18 <C  windnislimuSeuasyilinduluglassaiaiatesiign  wansdoue

Y

994 flurbiprofen filunenisAndugunianuadesmamdugiuannian  uwinuaudiniavesued

Y

vasleluiassu R w38 (-)-flurbiprofen lalin1ssieau

SUN 1 uanslassaiiamaaiives (R)-(-)-flurbiprofen

COo,H




A15197 1 AnaunIaduadnisrasumal n1sseviia waznisnanelule ves (R,S)-flurbiprofen  wag
biphenyl-4-carboxylic acid

AHauo(Tw)  Tw/K  AHp(T)  T/K - C(/CR(C) AHp(298 K) Ref

kJ-mol kJ-mol” JmolK!'  kJ'mol™
(R,S)-flurbiprofen 108.4+0.5 359.7 5
110.2+0.5 298.2 6
27.9+0.2 387.7 396.5/297.5 7
21.8+1.8 298.15 88.4+19 7
biphenyl-4-carboxylic acid 32.1+£0.2  499.5 329.5/236.1 tw”
127.5+4.1 2982 20.0+3.6" 298.2 107.5+£5.5 10

“This work, see the section on Fusion Enthalpies.

~ a Aa .
BUNIAUVDINITILLURAKAENITUABULUAINUNITI189UYBYS (R,S)-flurbiprofen @131198

1 Judeyaiiion1snageuneunalesinisnateilulevss (RS)Hflurbiprofen lalaenisaunisi 1

a

n1suegauneunalasinisnateiulefiaumgll 298.15 K deadidteunialveinissziiauaznis

Y

vaouvaIlasun1sUTugamginues  38nsusugamgiivesdounialiaedadnisiauniazians

) i 9
AIAUNTST 2 WAL 3

AH4p(298 K) = AH5(298 K) - AHg,,(298 K) (D)
AH(298.15K)/(kJ'mol™) = AHgu(Tim) + [0.75+0.15C(c)/(J'mol K ™)][T,-298.151/1000  (2)
AHi(298 K)/ kJ'mol™ = AHg(Tr) + [0.15C p(c)-0.26Cy(1)-9.931[ T1,-298.151/1000 (3)

Co() waz Cpylc) wansluaunsi 2 uag 3 LLammmqmm%fauiugﬂsuaamamawawﬁqﬁqmmﬁ
298.15 K puasiu ﬂ"lmfma;mm%fauﬁgqaaqmlﬁmﬂ%% group additivity ~ A1AIIgANTEUTRS
(R,S)-flurbiprofen wag biphenyl-4-carboxylic acid Famlesneds group additivity wanslum3ad 1
wiAneumalveanissedfinannisaian1saliaeds eroup additivity aeiidywiludeninuunnsiig
voamsdndaluana wideumatvssmanaefulefldannisussdivaslimutlgmi  nsUssdiu

s tNUseleminsanaunsaliainianismaassiuuyssunaietdutunislinazaiuisatislunis



'
1A aaa

figauadutgvvieugisenneluluananlinulamly  wuAnewnaleesisnatedulaainnis

<

a

Aurues flurbiprofen fauanslumisnadl 1 og#l 88.4 + 1.9 kJ mol figaumndl 298.15 K Idanansld
Aiildannsmaassuarmsiuiuiieaunisi 1-3 dwdteunalvesnsnaneiiuleves biphenyl-d-
carboxylic acid ’engj"ﬁl 102.8 kJ mol” uazwes a-methyl-4-biphenylacelic acid ag'ﬁ 112.2 kJ ol 14

aunsi 4 Tunnseuay
AHy,(298 K)/ kJ'mol™ =4.69n, + b + 3.0 4)

= = ° s - | s aa
We N AD IUIUDTADUVDIAIIUDULAY b AB A1 group value YBIE1TUTENBUNIAAIIUDNTAN (38.8)
v = a . . ., 8 YR =
2LBUNAUVBINITILLANIINNTNNABIVBY biphenyl-4-carboxylic acid ~ SIUAUAWBUNIAUVDINTT
= v [ Q’lj o Y a a S 3
waammmmﬂmimaaqezmmlmmmuuuawiuiwLﬂqummu 298.15K  taunmavveesnisnatgsly

a

lol#anmisduauegil 107.5 k) mol” figamgd 298.15 K eniildlaenadosfuaiildannsaiuu
shwaunsfl 3 Adilsves biphenyl-d-carboxylic acid WumsUszanaiiosnnsufugumniideld
WnsUSuToumativesniswasumar (12.1 k) mol’) uaztoumativesnisseidinfimldaindd drop
calorimetric (46.4 kJ mol ") ° @hﬁlé’mﬂmﬁﬂizLﬁmaﬂmiﬂizﬂauﬁ’jqamﬁmﬁqqﬂdﬂﬁhﬁiéfﬁmms
Nnavves (R,S)-flurbiprofen 88.4 + 1.9 kJ mol” wauandlumsiedt 1 Tuendseiidunsmoumat
yeamsnaeuwmar nsnatewdiule uarmssziiin vesi (R,S)- waz (R)-flurbiprofen Felgarnnissu

ANMLAINN1SNAABIRIE DSC harnl1835aAa53sTUA9lATUINATIA kAt uUSeuisuiuARlaL

Asenulinaumntn

AossLsTufglAsU NN AL TUIT NNz LAz as AN I UNITILASIZ VI AILDUNIAUYD

< A o ' I < aaday o A v o« a =

nsnanelulediafegnuluveindmsovenval  IngdsuiivonmunfefelasuInIgIumauIsands
~ | a & PR v 11-16 ° a

An1ssreanuateunatuesnisnanetdulaiieiale TuN15Mna09987N1IANAITUINTTIULAE

o oA v U o o o = a1 g . - ° -
a1smegsnaulanseunuiusivinazane@dafoinduans non-retained Wialtlun1sAILIURILIAT



1%
s L2

gnaeafansusiaziallunmsiaunslunedul  nsiedeunivesasudasiiiuneaulasduiuwseiule

a Y =

VuARdNY  LaMlaINN1VaRINWAaLa N TLaITWINNITUSUANIANLIATINTD 1, VsaITHeas

Y

aaa [y v

f nanflewansiemnuansatunsnateilulewaznisiiaujisendueedul  nafiwiaswesanse
WAaEAIMLARNN  WILIAINANSLARLA AU UABENLAUNULIANETS non-retained TglunTsiAu
makuAeauY  ilasainanunulevesasuiaz it uasdutavidudndiunsetnuiuaianusu
WAt NTlTENIN In(ty/t,) wae /T leglitnsgamgiinidlunismaasusiagnisnnaesineu 5 «C
nafitaaziunsmidunsagaiianududuafnaureseunialvesnisidsuguanluneduiiueyly
anuzing (enthalpy of transfer) Vo@ESUARZTLA Y30 ax, () ABAIASING 1, ADLIAIDI9DITS
° Y o W & P ' a a ! o e a a

Avualiviniu 1 wae t, Aenaiiansudasyialdlunsiumeiueedud  leunadvesnisaeusy

a1u1sathanlgeuuneunatvesnisnatelulalassaunisi 5

AHtrn(-l-m) = AHvap(-l-m) + AHintr(-l-m) (5)

cs' = = [ d oA a aaa ]
W9 AH,(7) kansdiseumatvesnisnaneilulowas A, 7, Ao loumalidledinisinufizensening

ansuavAeauUNeamgiiade (T,)  An.7.) Aoteumalvesnisidsuslanlunedulidueyluaniuy

9

g (enthalpy of transfer) fANUENRUSITUEUNTINU AH, () oumalvesnisnanadule  Tne?

[

QU T ABRUUNI1BanTe 298.15 K MSANWENANUERAY09 AH, (1) lWIBUNgURU Ar,(7,)

a4

= P = . ' )
NYUNNURAY (Tr) HAAIDINADENUINYDIAT AH,,(T,,)

AMAINYDIANUFUNUSN LA A MUALARI8ANAINVBITOYAVBIAITUIATTIULALANT

o A Ao awv v vy ) a = I | S 1 oa 1317
ﬂ@Laaﬂaﬂiuﬂmigﬁuﬂu Iu\‘ﬂu%’ﬂﬂﬂauwuﬂﬂLLﬁ(ﬂﬂ‘ML‘Viuma@ﬂ"?iLf\]uwmm’iaLUHM%LW]UVIWHLSJV@

VA

° ) ' . . ~ ) = I3 18 == o VYo
dwSuansngu monofluorinated aromatic agiinsiateunatvesnisnateidule = &edeldvinnis

Wpsziindedungunuiinsgannsaldduiumilunsivset  Wesnlaevidldaznuigloudumy

va v

wiunlalasauld FIfedvinisesivindedingunuidunglesunisiunisuuasusenaueilsufn



lalasmsueuazanunsnasnnnuduiug (corelate) Auenlsundnlalasasueunliiinisunuiismengle

a =g (Y P Y ' =) ~ o Id Y 1
U IVARATDINTIFATIIUNN ﬂﬂ']i@Q‘Vlﬂ?iﬁUUﬁHu’JWWQI@iUﬂUQG]’HSﬁ’]lI'ﬁﬂLUUG]’JLWIUIUFH?WWH

wumatvesnisnateiluledisldonlsufinasusuiiludinisunuimenglesuduninsgiuld (1.2 K

mol’)
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9173Y
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1. fuedwarfnyideyadindinumaneslulaunfindvesaisuinsgiuindnismeaull
wazmnzavselil ensdmdulalunsidenansinnsgiu udsmsdmnaniiouiugumalin
MsTenuLesasiaztaduasinsgu
2. FN15NAABISIELATEY Gas Chromatography Lﬁ@lmﬁﬁﬁagaretention time  U99E1S
fregnazarsuInsguLiiofiansanaisuinsgruimuizanlunismeasdlasgainnisien
Retention time #lsifudouvesansiegnauarasuasgrilunnyngamadildlunismaass
3. vimIneaesan e uarasinnssuildaindradiufieinies Gas Chromatography
WU Isothermal Aiszfugamgiivne 5 °C uaveglutis 30K ieliilédoya Retention time
VYDA THIDY LA AITUINTIU
4. Anszsinaiildannisnnassiawrsesile Gas Chromatography fail
- A1 Retention Time va9a15uiazsdn(t,) 93l§a1nn1sau Retention Time
193¢7a151841U Retention time vasansiliu Non Retain (avhazane)
- Beunsinszninee logltyt) way /T (K) agldnsidunseifiannudu
WU Enthalpy of Transfer (AHy,) U8sansuAazwin
- A1 Enthalpy of Transfer yaavisansfIag uazaNTLIATTIUALQALILNESS
Ny Vaporization Enthalpy wesansuinsgiuldfinissmeauliudaayld
Juaunsidunsadmsumen Vaporization Enthalpy 2e3a158eg197ideIns
5. "3meﬁmﬂsﬁ’ejagaVaporization Enthalpiesﬁimumﬁmm Vapor Pressure U83&19
Fnwmsnuuiiauls  vihnsdusideyaiieduaseannns Cox Equation

6. VAGBIMAMENIU Fusion Enthalpy Y84a13NgunIsIULLAEaNSTUINTIUMILLATE

Differential  Scanning  Calorimeter 91911715 calibratela3®9a78 indium  Wa339¥IN153A



WS99 Fusion  Enthalpy  Teegnisbiaduseulusedu 5°C¢/min aullgumigilainitoumngil

(%
o

VIRBUMAITOIETUN Laryng1dn 2 ATaienAIY accuracy Wag reproducibility
7. ATUIBIMIAT Sublimation Enthalpies 21nA1 Fusion Enthalpy, Vapor Pressure Wag
Vaporization Enthalpy 71l#

8. Buaitlon Vaporization Enthalpy, Fusion Enthalpy &g Sublimation Enthalpy U84

Y} Yoo ::4'

ansvmaninsLuuiaulaninsiessriuAnldiginn snage uie R AILANAILAE

(%
=]

I3 ™~ P~ o Ay I3 | Ao v I o
JunswSeudisuieilaannnismaaestiilumifinnugnieuasusiug

9. e launAnwimiAmasuguunamansdusely 1y Gibb Free Energy, Entropy
Dudu

Y

10.  ajluazdminunAnuiien1sseau



uni 4
NAN15798

Gas chromatographic retention times

INNITNAFDIAIEITNITIAAIIAINITINIUAD AN UV Vivashaulanazans

Y 44' & ° Y @ N = =
1193571 AeLAIadftglasuungn vnlilaaain19199 2 Fakanedier1ialvedansansusenay
lalasansuaudnnindatau Lageyiusvas 1-fluoro dounsiwanlaudedulalunisidenly
asUszneulalasasvsuinmndaiaulunsinamasunisnateilule (vaporization enthalpies) 99

ansUsenauniiviglosu 1 dulununui

M1399 2 wandAa1vesasUsznaulalasmsuaudnmindanuLazayiusves 1-fluoro

Run 1 T/K 409.1 4141  419.2 4242 4293 4343 4393
t/min
methane” 3124 3152 3175 3199 3227 3249 3273
heptaneb 3508 3504 3503 3499 3501 3502 3.509
1-fluoroheptane 3910 3860 3819 3780 3752 37271 3712
decane 5.097 4.8388 4.725 4593 4445 4330 4.241
dodecane 8809 8.022 7394 6.855 6.391 6.005 5.680
1-fluorododecane 14552 12776 11.416 10.233 9.237 8402 7.684
tetradecane 19.310 16.648 14603 12.868 11.400 10.199 9.179

1-fluorotetradecane 35568 29.758 25444 21.764 18710 16.216 14.094

a .
Non-retained reference.

> Used as the solvent.

wazNaNlAa1N1TAADIAILITNTINAIIAINITIHIUADANLYDIET TR Nea1T7aula
wazaIHIRTgIU Metn3siglasulnng vl 1aA1AIn3199 3 wae 4 Fauanideaaivesasussneu

¢ aa N a . = Y  ac & ° !
AsUenTanuay arsnaulade (R S)-flurbiprofen  Fslunismeassmeisnisdaginnimeassisas run

1% (%
o [

FIDNASI VDAL run 2, run 4 BAY run 6

10



A15197 3 LEAIANLIANUBIE1SUSENBUAISUBNTAN waz(R,S)-flurbiprofen

Run 3 T/K 4542 459.2  464.1 469.1 474.1 479.2 484.1
t/min
methanol 3.140 3164 3178 3193 3215 3235 3251
4-fluorobenzoic acid 3866 3813 3756 3710 3680 3.655 3.630
2-fluorobenzoic acid 4056 3980 3901 3.837 3793 3755 3.720
4-methoxybenzoic acid 5756 ~ 5.448 5166 4934 4747 4589 4.452
4-t-butylbenzoic acid 6.704  6.273 5854 5515 5242 5017 4.823
ibuprofen 9.151 8311 7.561 6952 6.457 6.048 5704
hexylbenzoic acid 13.987 12349 10.893 9.731 8.788  8.016  7.377
octylbenzoic acid 28.291 23993 20.363 17.486 15.179 13.315 11.798
(R,S)-flurbiprofen 33882 28,571 24.089 20.558 17.723 15442  13.58

AT 4 wARSANIAIURIANTUTENOUANSUDNTAN Wax(R,S)-flurbiprofen

Run 5 T/K 4543 4592 4642 469.2 4742 4792 484.2
t/min
methanol 306 3086 3.083 3112 3133 3.159 3.175
4-fluorobenzoic acid 3812 3.755  3.682 365 3.618 3598 3574
2-fluorobenzoic acid 3997 3916 3824 3774 3728 3.696 3.662
4-methoxybenzoic acid 569 5367 5074 4858 4672 4521 4.387
4-t-butylbenzoic acid 6.599  6.126  5.722 541 5149 4931 4.743
ibuprofen 9.03  8.157 742  6.838 6.354 5955 5.616
hexylbenzoic acid 13.846 12.094 10.695 9.565 8.649  7.887 7.259
biphenyl-d-carboxylic acid ~ 22.085 18.918 16.358 14.309 12.629 11.261 10.12
octylbenzoic acid 28.139 23596 20.078 17.246 14971 13.12 11.627
(R)-flurbiprofen 33.617 28.084 23743 20.261 17.474 15204  13.375

Fusion enthalpies
TunsinAmassunITasumal (fusion enthalpies) W94 (R,S)-flurbiprofen wag (R)-

flurbiprofen vilnan1sl4iA3es Differential Scanning Calorimeter UaUSEW PerkinElmer Sg'u 7 lngld
gasNLISTUNTILATILRT Pyris Series Thermal Analysis — Tunisnmassagsinnelalssnaeinaninneg

Tulasiulwadeudiednsiga 20 mUmin idns1n1slinnudou 5 °C/min - ngaumgRisusiun 298 K

11



UTIQUNYINATNABUMAT KATYIINITNARBIABITITIUIU 3 ATUNOMIALRGE

\A389 DSC 3wQN

calibrate ME@13U1MIIU indium AMUUIANT 99.99% nauiiazyiMIaaes  Nanlaazulumsed 5

a5 5 wansAndsaunisnanendule (fusion enthalpies) vas (R,S)-flurbiprofen

(R)>-flurbiprofen  wag 2-Fluorobenzoic acid

Sample  AHins(T) Tin/K  AH(Tr)  Tr/K AHl(Trugday Trus/Ka
mg  kJmol peak k) ol onset k) ol onset
(R,S)-flurbiprofen 7.12 27.9 387.1 28.2+0.3  387.1+0.1
7.60 28.4 387.2
7.60 21.4° 386.0
(R)-(-)-flurbiprofen 9.86 0.33/0.19 353.9/363.2 23.2 380.4 23.3i0.3b 380.6+0.4
10.0 0.39/0.19 353.9/363.6 22.6 380.5
10.84 0.19/0.24 353.8/364.2 22.7 381.1
2-fluorobenzoic acid  17.76 0.43 309.8 20.2 396.8 20.1+0.1°  397.4+0.9
17.53 0.41 309.8 20.1 397.0
17.24 0.41 309.8 20.1 398.4
biphenyl-d-carboxylic  15.80 31.9 499.7 32.1+0.2  499.5+0.5
acid 17.63 32.2 499.8
7.67 32.2 498.9

* The fusion enthalpy measured by reheating the melt; not used in evaluating the mean.

® Includes the solid-solid transition enthalpies of 0.5 kJ-mol .

“ Includes the solid-solid transition enthalpy of 0.42

ATNAIULBUNIATURINTUaDNLUAIUBY (R,S)-flurbiprofen

Yoamsiisuulasuensanad  FauansdernugniesvesriladiaiUssuiieuiu

anunsalatuduenanual

ANMINIgsI8N Ty

N15iAMeLn3as DSC Wunuiiniiiesmiainuas(R,S)-flurbiprofen  wAALATIVEINITNAGDY Tellgaunqdl

YDIN1INABUMAIN onset vefl  387.1x0.1 K wavillevihliansifuauaziinnisaiuwiumelusunsy

AMsLEY  naulzyitnITiAuSauASINaaslusEUUAL  WulTin1siAaTinTuYI9989 exothermic 7

a a a4 = Y] v aa 7 i ) =
gamadl 317 K uazdniin?l 338 K Jsaoandesiufifinissieauliles Henck © Amdsueunalives

12



M v A

nsvaeuaLazaumndlawmiieudunisiiinissenulilduansinnuaunsalunisdoundu dalu

Y

o = Aa a A v Y
aﬂwmwﬂ@ﬂaqﬁﬂﬂmamﬂuﬂqqﬂLaﬂﬁiLN@NﬂqiﬂlﬁﬂﬁqﬂJsau

AMNAIULEUNIATYBINITNABULNAITBY (R)-flurbiprofen  WUAIIULANFININTO
(RS)-flurbiprofen  mssfifinves(R)-flurbiprofen  fifinvunidnuaziniinirsegigaumgdl 353.9 = 0.1
way 363.7 + 0.1 K susefinuualnafiionmgil 280.6 + 0.4 K faguil 2 uazwuin (R-flurbiprofen
dlevifuegnesindadienias DSC aznunsasuduresudafivdesninudenlugas exothermic
Tuthsenmgil 313-333 K lneinsinduiisnsiia 5 °C /min ngaumpliiinisasumalaunun Wi
Joinslianusewiielinaeuvaisnadsesnsniuiy  naiintuainnisliaaudeuluadusn
wazadsitaesiinnuuansieiy  maiildain DSC vesasuanves R lolawedfusdfinlusnsdqu
5.16/3.67 mg MudHU wansiansteuriuiulivesasuianivieaes  mevdminnsiiBusazana
selvmuseuiionsnasumaindaiideswesansuay (R.S)-flurbiprofen way (R-flurbiprofen  a¢lél
Snwazvesiindaguil 3 Fauansdsnsiinfinvuiadndinulunaues DSC wos (R-flurbiprofen J1lal

WNendeaiunsateguess@iing - AndenunisvasumadnlianmsiuIunuiaedi 25.2 + 0.2 kJ

-1 A o = = U 1Ay -l A v v a Y]
mol LLa%LN@U']@J']LU?EJ‘UWIEJ‘Uﬂ‘Uﬂ']‘Vll@lﬂ']ﬂﬂ'ﬁV]@aa\‘i 24.2 kJ mol ﬂ']VIIﬂﬂa']'ﬂﬂaLﬂENﬂu@J']ﬂ

ANRDUMAIVDY biphenyl-d-carboxylic acid HAAaandlumsen 5 Wesineile
. . ° Y a a ° Y o ax &
294 biphenyl-4-carboxylic ANINUAMBEANNITN 3 LAZAIIUNANAINNIMUANIBNITUIUGURLTILT
I Ao A Ko a a ~ a v Y aa . A a
ANMANER  UBNIINUYILANUNANAINNBINAIINNITINNIYIS Calvet drop calorimetry Ngaungal =

8 = o M v = a A ¥ [ -1 A o (% Qg ¥
488 K~ @adsladlasautennuRenainiivisdadeariv 46.4 k) mol Inefivinnnsusugaumaiilidu 298.15

K 9nwgunalsenautnesy vililidly biphenyl-d-carboxylic acid Tunisduau
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a

sU# 2 uafiléinnn DSC wee (R-flurbiprofen Hradsusywing veawde-vaads wufigamall 353.9 uaz
363.9 K

45 4
40 -

35 A

Q /mW

30 4

25

20 — T T ' T v T 1 ' T v T 1 v T v T T v T T
300 320 340 360 380 400

T/K
g‘dﬁ 3 nadiléiann DSC vas (R)-flurbiprofen (5.16 mg) wag (R,S)-flurbiprofen (3.67 mg) finfl 310 uaz
320 K Wananan15tinveauwdailnrinnisviduwasfing 338 K wananani1siinnisilasullasvosaniuy

ﬁ"ug‘d (R,S)- findl 374 uaz 381 K WaAIRIN1sVADLIa1v89 (R)- WAvaNIHEL (R,S)-

35 4

30

Q/mW

20 A

300 320 340 360 380
T/K
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Sublimation, Fusion, and Vaporization Enthalpies of the Standards
ﬁﬁLau%ﬂﬁﬂﬂ@QﬂﬂiﬂaﬂﬁJLﬁu‘l@ Laumaﬂﬁuaqmwaaumm LLaSLBUVIWa"ﬂ“U@\‘iﬂﬁiiSL‘ﬁ@ ﬁ

~ i Y a o = & Ay a o
Nﬂ'ﬁﬁ']EN']‘L!ﬂau%u’]‘mu’]iﬂisﬂUﬂ'ﬁﬂﬂ@qﬂiﬂuvlafﬂgﬂﬁ'JUi'J@JLLa%LLﬁﬂQ&Lu@]'ﬁ'NV] 5-8 LLﬁ%IﬂiQﬁﬁ?\‘isUaﬁ

U a o

Tanaansnmuakandlugui 4 manlelinnsmenumenguinidesiie wagldisnsauanaeiulunis

Uugamgiliidugamlininsgiu  ieaduilemsadinie vesansuseneuyniniviunldazgn

Usuliugaumginansn 298.15 K lnensldaunisin 1-3 wag 6 Tunisusunuenuminzay

AHyap(298 K)/ kJ mol™ = AHyp(Tim) + (10.58 +0.26 Cp(1))( T — 298.15 )/1000  (6)

3197 6 Aneunialvesnissziinvasasinsgiudlousulisaumaliogin 298.15 K

Compound AH(Tr) To/K G0 AH,(298 K)° Ref

(J ol U mol’ kY (J ol

4-fluorobenzoic acid 91.2+1.3 370 164.9 93.4+2.4 19
2-fluorobenzoic acid 93.9+0.5 316.2 164.9 94.8+0.5° 20
4-methoxybenzoic acid 110.60+0.3 351.3 226.5 112.5+0.6 21
4-t-butylbenzoic acid 103.8+0.42 334.1 244.9 105.2+0.6 22
4-hexylbenzoic acid 119.940.22 355.1 311.2 122.6+0.8 23
biphenyl-4-carboxylic acid 127.5+4.1 10
4-octylbenzoic acid 130.9£1.0 369.7 365 140.7+1.6° 23

aTemperature adjustments using eq 2.°

® Includes the enthalpy of solid-solid phase transitions at 7 = 309.8 K, (0.41+0.1) kJ mol” and a temperature adjustment of

(0.46+0.1) kJ mol "

“Includes the enthalpy of solid-solid phase transitions at T = (305.6 K, (5.4020.1) kJ mol” and 366.6 K, (0.47+0.03) kJ mol”) and

a temperature adjustment of 4.0 kJ mol”
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M137 7 uandeumatvesnisuasumiaileuuligaumaiiegin 298.15 K

Compound AHelTio) True/K CAV/C ) AH (298 K)° Ref
(k) mol™) U mol K (kJ mol™)

4-fluorobenzoic acid 20.9 451.2 221.4/164.9 14.4+2.0 24
2-fluorobenzoic acid 20.1+0.1 397.4 221.4/164.9 16.311.3b tw
4-methoxybenzoic acid 28.97+1.0 4553 269.9/226.5 21.74+£2.4 25
4-t-butylbenzoic acid 17.91+0.5 436 323.9/244.9 10.01+2.4 26
4-hexylbenzoic acid 13.8320.1° 385.9° 399.6/311.2 79+1.8 23
4-octylbenzoic acid 21.39£0.2' 388° 463.4/365 14.6+2.0 23
bipheny!l-4-carboxylic acid 32.1+0.2 499.5 329.5/236.1 20.0+3.6 tw'
(R,S)-flurbiprofen 27.9+0.2 387.7 396.5/297.5 21.8+1.8 7
(R)-flurbiprofen 23.3+0.3° 380.6 396.5/297.5 17.7+1.7 tw

a'I'emperature adjustments using eq 3.

® Includes the enthalpy of solid-solid phase transitions at T = 309.8 K, (0.41+0.1) kJ mol” and a temperature adjustment of (-

4.2+1.3) kJ mol”.
“This work.

“Includes a liquid crystal to isotopic liquid transition of 0.95+0.04 kJ mol .

“ Transition temperature to an isotropic liquid.

" Includes a solid-solid phase transitions at T = (305.6 K (5.40+0.1) kJ mol” and 366.6 K (0.47+0.03) kJ mol ) and liquid crystal to

isotopic liquid transition of 1.2+0.12 kJ mol ™.

¥ Includes the two solid-solid transitions reported in Table 4.

15199 8 wansAneunalveansnanalulevesasuinsgiuianinissenuigumall 298.15 K

Compound AH, oo (T) T../K () AH,,,(298 K)° Ref
(kJ mol™) U mol" KY) (kJ mol™)

1-fluoroheptane 40.4+0.1 308.2 2425 41.1+0.3 27
n-heptane 36.6+0.4 28
n-decane 51.4+0.5 28
1-fluorododecane 55.9+0.1 393.2 402 66.9+3.3 27
n-dodecane 61.5+0.6 28
1-fluorotetradecane 61.1+0.1 418.2 465.8 76.9+4.7 27
n-tetradecane 71.7+0.7 28
ibuprofen 106+5.5 17

a'I'empera‘ture adjustments using eq 6.
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sUM 4 Tassadaluianavesaisusznaunneg 1¥e31ng1eu1v31anuuasanansil : d-fluorobenzoic
acid, 2-fluorobenzoic acid 4-methyoxybenzoic acid 4-t-butylbenzoic acid, (S)-ibuprofen, 4-

hexylbenzoic acid, 4-octylbenzoic acid. Bipheny!l-4-carboxylic acid

CO,H COH COH COH
F

F OCHj C(CH3)3

COH cout CO,H
CHstmH COH 2

(CH,)sCH; (CHy);CH;

CH,CH(CHj3),

NANITNAADY

AD3LSTUBINTNYINNITNN ABN15UIABIISTUTBIasUSEnaulalnsANSUaULara1sUSENaU
lalnsansusuniinglesunilsesnoulussdusznou  yellansusznevdaruiilivaunuide 1-fluorine
Tngagildsunvuinvesansusenaulalasaisueu 1w 1-fluoro-heptane, 1-fluoro-dodecane, 1-fluoro-
tetradecane  w#azAsistulau1ann1sinAglasu inns nidazasudusiuiu 2 ass  wafleain

QQO.II [ -al' Q" [ = <
ADSSTULAAIAINNTIN 10 AUNTNAAITBEAIEUNITVRLBUNATYINSNa1eTUlauD
) a I ) aa | aa
d15UsenaunalAy LLaz?ﬁ@Jﬂ’]’iLEJL!‘VI’]@‘U‘?JENﬂW%‘ﬂﬁ’]EJLU‘IJIEJ?J?N&’]’iUizﬂ@Uaumu%M‘MuﬂLLV]U‘V]F’]EJ 1-
fluorine  ANADAARBINILAAINAUNITLALIINTUN 4 Fauansdspnuiianainiliinduniglureuiuni
gausule vinlvatusaldansusznaulalasmisusuaIniInAIsuUaNTIanuwadanazalsusenau

fluorocarboxylic acid Wuansuiesgrulunismedeuamdsiueunalvesnisnatsiluloves

flurbiprofen Faduansifinissreauiamdsnueunal
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M13°99 10 PESLITUVDI AH,.298 K) WaE An,(T,) dmiSualkane uaz 1-fluoroalkanes

Run 3 slope intercept AH,.(424 K) AH\,ap(298 K)
/K kW/mol , o-mol” .
(lit) (calc) (lit)

heptane -2916.7 8.085 24.2 36.6 36.5 + 0.4

1-fluoroheptane -3471.3 8.727 28.9 42.7 + 0.4 41.10.3

decane -4213.9 9.619 35.0 51.4 514+ 0.4

dodecane -5078.0 10.678 42.2 61.5 61.5+05

1-fluorododecane -5605.0 11.267 46.6 67.7+05 66.9+3.3

tetradecane -5942.7 11.745 49.4 7.7 71.7+£0.5

1-fluorotetradecane -6459.3 12.312 53.7 77.7+£05 76.9+4.7
Run 1 (Data from Table 2)

AH,(298 K)/kJ-mol” = (1.39 + 0.01) Ay, H(424 K) + (2.67 + 0.32) = 0.9999
Run 2 (Data not included)

AH,(298 K)/kJ-mol " = (1.39 + 0.01) Ay, H(424 K) + (2.68 + 0.27) ¥ = 0.9999

LUNIaUVDINITIZIAA Lazlaun1alueinisvaouLial 993a15U52n0UdInan
monofluorinated benzoic acid lainssenulitazamisamaneuniatassmsnatedulelalaens
° a A oA I3 A . . = A PN
ANIUIINANNTTN 1-3  @1siidenunluansuinsgiume 2- way d-fluorobenzoic acid $3uTE150Ue) 7
I ¢ aa a ' A aa o . 17v v °
Jumsuendanedn  Aneumatingg nin1ssenulives (Sk-ibuprofen  lagniunsiulunisnaaes
e navedasuilnunsuwaraesisdured (R S)-flurbiprofen gnsausiulilumsnei 3 uag a1
11 Wazuanessgun 6

ansuaspurdafulagnihunldienismeumatvesnisnaelulevessy R anld
wanIlUAIT9N 4 LAZNATDINITATUIULEAIAINITINT 12 21AAITNT 12 WUl biphenyl-d-carboxylic
acid fignihanldlunisneaassmetuluasildiionisgresistuvensaasuendan  #ausInginm

= I3 e Y | | ) & .:4' ¢

umatvesnisnateilulevesasnauiiinnugndeseglurisisansunaslulumuiininnisal
wumadrasnmsnateidulevesansuseneu racemic way chiral AITNATUANAIILAT
ANumdsuiuludanudify  Asiansamanlalun1ei 11 uag 12 duduflawall  anuLAnmIg

LﬂENLésﬂﬁ’e]‘ﬂ“l]@\‘iL@uVI’]ﬁﬂ‘U@ﬂﬂ’]iﬂaWEJL%UI@?%WZ;NH’W enantiomer  Way racemate @1u1sanulalu

. 1% 14,29 dy v a 1 . a1 pR| [ U a 5 Y o
chiral a8 ypnandlunisendulain (RS)- way (R)-flurbiprofen Haannlusnaiuasaiulayia
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nsgudulaenisanasnanvesaessUiingamgiiiuaranmgiawieisuialasuninnsuil

)

LAZIWUIN
A A N A S o
IR IRIGERG VSGLELANIRI

gl 11 Aedisduves AH,,(298 K) WAE AH,(T,) E1UTUNTAAISUBNTAN wag (R,S)-flurbiprofen

Run 3 slope intercept AH,(869 K) AHvap 298 K)
T/K kJ/mol ) g-mol”

(lit) (calc) (Table 9)
4-fluorobenzoic acid -4789.9 10.867 39.8 78.7 76.9+£3.8
2-fluorobenzoic acid -4946.4 10.98 41.1 78.5 79.3+£3.8
4-methoxybenzoic acid -5733.8 11.665 ar.7 90.7 91.7+4.0
4-t-butylbenzoic acid -6057.6 12.067 50.4 95.2 96.7+4.0
(S)-ibuprofen -6612.2 12.768 55.0 106 105.4+4.3
hexylbenzoic acid -7133 13.324 59.3 114.7 113.5+4.5
octylbenzoic acid -7953.1 14.29 66.1 126.1 126.4+4.8
(R,S)-flurbiprofen -8034.7 14.269 66.8 127.6+4.9 88.4+1.9

Run 3 (Data from Table 3)
AH,(298 K)/kJ-mol " = (1.88 + 0.057) Ay, *H,(869 K) + (1.95 = 3.0) ¥ = 0.9954
Run 4 (Data not included)
AH,(298 K)/kJ-mol " = (1.85 + 0.068) Ay, H,(869 K) + (2.65 + 3.6) r = 0.9933
A5 12 ABTisuTed AH,,(298 K) WaZ AH,(T,) @1u5unIaA1sUan®an waz (R)-flurbiprofen
Run 3 slope/K intercept AH,(469 K) AH,,(298 K)
kJ/mol o-mol”

(lit) (calo) (Table 9)
4-fluorobenzoic acid -4655.8 10.54 38.7 78.7 76.9+3.6
2-fluorobenzoic acid -4809 10.658 40 78.5 79.1£3.7
4-methoxybenzoic acid -5692.2 11.571 47.3 90.7 92.3+3.9
4-t-butylbenzoic acid -5970.8 11.889 49.6 95.2 96.4+4.0
(S)-ibuprofen -6569 12.682 54.6 106 105.3+4.2
hexylbenzoic acid -71126.2 13.319 59.2 114.7 113.6+4.4
biphenyl-4-carboxylic acid -7398.5 13.35 61.5 117.6+4.5 107.5£5.5
octylbenzoic acid -7983.1 14.362 66.4 126.1 126.3+4.7
(R)-flurbiprofen -8058.3 14.329 67 127.4+4.7

Run 5 (Data from Table 4)
AH,(298 K)/kJ-mol” = (1.79 + 0.056) Ay, *H,(869 K) + (7.64 = 2.9) = 0.9951
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g‘dﬁ 6 ABILSTUNIASUTENING AH,,,(298 K) b8 AH,,(469 K) mono-fluorinated carboxylic acid (®) uag
non-fluorinated carboxylic acid  (°) Wuasunsesgiu  aneunatvesnisnatsilulevss (RS)-
flurbiprofen () 91nAB3LITU
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ABSTRACT: The vaporization, fusion, and sublimation enthalpies of (R,S)- and (R)-
flurbiprofen at T'= 298.15 K are reported and compared with literature values when available.
Correlation gas chromatography experiments were first performed to identify appropriate stan-
dards that could be used for materials containing a single fluorine substituent. Subsequent
correlations resulted in a vaporization enthalpy for (R,S)-flurbiprofen and (R)-flurbiprofen,
AH,,(298.15 K), of (127.5 &+ 5.5) and (127.4 £+ 4.7) kJ mol, respectively. Fusion enthalpies,
AH(387 K), of (28.2 + and, AH (381 K), (22.8 + kJ mol~! were also measured by dif-
ferential scanning calorimetry for the racemic and chiral forms of flurbiprofen. Adjusted to
T = 298.15 K and combined with the vaporization enthalpy resulted in sublimation enthalpies,
AH,(298.15 K), of (155.6 + 5.8) and (145.1 &+ 5.7) kJ mol~! for (R,S)- and (R)-flurbiprofen,
respectively. The fusion enthalpy measured for the racemic form was in excellent agreement
with the literature value, while the sublimation enthalpy varies substantially from previous
work. Two weak solid—solid phase transitions were also observed for (R)-flurbiprofen at T' =
353.9 K (0.30 #+ 0.1) and 363.2 K (0.21 + 0.03) kJ-mol~!. © 2012 Wiley Periodicals, Inc. and the
American Pharmacists Association J Pharm Sci

Keywords: flurbiprofen; sublimation; vaporization; fusion enthalpies; chirality; gas chro-
matography; calorimetry (DSC); cancer; physical characterization; thermodynamics

INTRODUCTION

(R,S)-Flurbiprofen (Ansaid™ (Pfizer, NY, NY),
Urbifen™  (General Pharmaceutical, Dhaka,
Bangladesh), and Flurwood™ (W. Woodward,
Karachi Pakistan)), [(+) 2-fluoro-a-methyl-1,1'-
biphenyl]-4-acetic acid, administered in racemic form
is an anti-inflammatory nonsteroidal drug used to
relieve pain, stiffness, swelling, and tenderness in os-
teoarthritis and rheumatoid arthritis.! The R isomer,
(—)-flurbiprofen (tarenflurbil (Flurizan™, Myriad
Pharmaceutical, Salt Lake City, UT)), inhibits an
enzyme responsible for amyloid beta synthesis, but
recent phase three trials have found it to be ineffec-
tive in retarding Alzheimer’s disease.? It has also
been of interest in prevention of prostate and gastric
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Fax: +314-516-5342; E-mail: chickosj@msx.umsl.edu)

Patamaporn Umnahanant is on leave from the Faculty of Vet-
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Bangkok 10900, Thailand.
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© 2012 Wiley Periodicals, Inc. and the American Pharmacists Association

cancers.®# The structure of the R isomer is shown in
Figure 1. Several thermodynamic properties includ-
ing the sublimation enthalpy, melting temperature,
vapor pressure over a limited range of temperature,
and enthalpy of fusion have recently been reported for
the (R,S) form in the literature. Available literature
data as well as some recent work are summarized
in Table 1.57 Three different crystalline modifi-
cations have been reported for (R,S)-flurbiprofen.’
Modification II was obtained by cooling the melt
following a differential scanning calorimetry (DSC)
experiment or by rapid crystallization from heptane
to —18°C. It is reverted back to the most stable
form by heating. The commercial product has been
reported to be most stable polymorph.” The ther-
mal properties of the R isomer, (—)-flurbiprofen,
do not appear to have been reported in the
literature.

Availability of both the sublimation and fusion en-
thalpy of (R,S)-flurbiprofen allows an evaluation of
the compound’s vaporization enthalpy. This can be
achieved using the thermodynamic equality described
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Figure 1.

(R)-(—)-Flurbiprofen.

in Eq. 1. Evaluation of the vaporization enthalpy at
T = 298.15 K requires both sublimation and fusion
enthalpies to be adjusted for temperature. Protocols
for the temperature adjustment of both have been de-
veloped and are summarized in Egs. 2 and 3.°

AH,,p,(298K) = AH,,(298K) — AHg,(298K) (1)

AH,(298.15 K)/(kJ mol™) = AHyu(Th)
+{0.75 4+ 0.15Cy(c)/[J /(mol " K~1)]}
x (T — 298.15)/1000 2)

AHs(298K)/kJ mol ™' = AHjo(Th)
+[0.15C,(c) — 0.26C, (1) — 9.93]
x [Thus — 298.15]/1000 (3)

The terms C,(1) and Cpy(c) in Eqgs. 2 and 3 repre-
sent the heat capacity of the liquid and solid at T
= 298.15 K, respectively. Both Cp(c) and C,(1) were
estimated by group additivity.? The vaporization en-
thalpy evaluated by this procedure is also provided
in Table 1. Although estimations of sublimation en-
thalpies can be problematic because of differences in
packing, rough estimations of vaporization enthalpy
is considerably less so. These estimations are use-
ful in providing the experimentalist a rough value
as a guide and can be helpful in identifying problem-
atic values or unusual intermolecular interactions. As
an example, the vaporization enthalpy calculated for
flurbiprofen in Table 1 of 88.4 + 1.9 kJ mol ! at T =
298.15 K using experimental values and Eqgs. 1-3 can
be compared with a value of 102.8 kJ mol~! estimated

for biphenyl-4-carboxylic acid and 112.2 kJ mol~! es-
timated for a-methyl-4-biphenylacetic acid using the
following simple equation:

AH,,,(298K)/kJ mol ™! = 4.69n, +b+3.0  (4)

where n. represents the number of carbon atoms and
b represents the group value for a carboxylic acid
(38.8).19 If the experimental sublimation enthalpy of
127.5 kJ mol~! at T' = 298.15 K is used for biphenyl-
4-carboxylic acid® in conjunction with the experimen-
tal fusion enthalpy measured in this work and ad-
justed to T' = 298.15 K, a vaporization enthalpy of
approximately AHy,,(298 K) = 107.5 kJ mol ! is cal-
culated. This value is in good agreement with the
value estimated using Eq. 3 above. The value for
biphenyl-4-carboxylic acid is approximate because of
the large temperature adjustment required both in
adjustments of its fusion enthalpy (12.1 kJ mol~!) and
in the drop calorimetric method used in the measure-
ment of its sublimation enthalpy (46.4 kJ mol1).8
Estimates of both these compounds are considerably
larger than the experimental value of (88.4 + 1.9) kJ
mol~! reported in Table 1 at T' = 298.15 K for (R,S)-
flurbiprofen. This article reports the fusion, vaporiza-
tion, and sublimation enthalpies of both (R,S)- and
(R)-flurbiprofen obtained by a combination of DSC
and correlation gas chromatographic measurements
and compares the results to the current literature
value.

Correlation gas chromatography is a simple
method for evaluating vaporization enthalpy regard-
less of whether the target substance is a solid or
liquid, provided appropriate standards are available
with reliable vaporization enthalpies.!'"16 The stan-
dards are injected simultaneously with the target
substance(s) along with an unretained analyte, which
measures elution time. As each analyte moves on the
column according to its vapor pressure on the col-
umn, measurement of the temperature dependence
of its adjusted retention time, ¢,, provides a conve-
nient measure of both its volatility and interaction
with the column. The adjusted retention time is eval-
uated as the difference between the measured reten-
tion time of each analyte and that of a nonretained

Table 1. Sublimation, Fusion, and Vaporization Enthalpies of (RS)-Flurbiprofen and Biphenyl-4-Carboxylic Acid

AHgq,(T) AHy,o(T) Cp(l)/cp(c) AHvap(298 K)
(kJ mol~1) Tm (K) (kJ mol~1) T/K [J/(mol~1 K-1)] (kJ mol~1) References
(R,S)-flurbiprofen 1084+ 0.5 359.7 5
1102+ 0.5 298.2 6
279+ 0.2 387.7 396.5/297.5 7
21.8+ 1.8 298.15 88.4+19 7
Biphenyl-4-carboxylic acid 32.1+0.2 499.5 329.5/236.1 TWa
1275 +4.1 298.2 20.0 + 3.6 298.2 1075+ 5.5 8

aThis work, see the section Fusion Enthalpies.
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reference. Since the vapor pressure of each analyte of
the column is inversely proportional to its adjusted
retention time, ¢,, a plot of In(¢,/t,) versus 1/T run
isothermally, usually over a T' = 30 K range, results
in a linear relationship with a slope equal to the neg-
ative of the enthalpy of transfer of the analyte from
the column to the gas phase, AH,(T), divided by the
gas constant. The term ¢, refers to a reference time,
1 min, and ¢, is the time each analyte spends on the
column. The enthalpy of transfer can be related to the
following thermodynamic relationship:

AElt:rn(Tm) = AI{vap(Tm) + AI{intr(Tm) (5)

where AHy,p(Tr) refers to the vaporization enthalpy
and AH;ni(Tyw) refers to the interaction of each ana-
lyte with the column measured at some mean tem-
perature, Ty,. The enthalpy of transfer, AH.,(Tw),
has been found to correlate linearly with AH.,(T).
A study of how the magnitude of AH.,(Ty,) com-
pares with AH;,(Th,) both measured at T4, suggests
that the AH,,,(Ty) makes the largest contribution
to AHin(Tw).'* Temperature T usually differs from
T\, and has usually been the reference temperature,
298.15 K.

The quality of the correlation obtained is deter-
mined both by the quality of data available for the
standards and selection of the appropriate standards.
Selection of the proper standards is of paramount
importance. Previous work has demonstrated that
an ether oxygen can be substituted for a methylene
group.'®17 In view of the few monofluorinated aro-
matic compounds whose vaporization enthalpies have
been measured,® we decided first to examine whether
a surrogate substituent could be identified for this
group. As fluorine is frequently substituted for hy-
drogen in other applications, our first approach was
to examine if substitution of a single fluorine atom
for hydrogen on a medium size aromatic hydrocar-
bon would correlate with the parent hydrocarbon. The
rationale for this approach was based on the rela-
tively small contribution that a single fluorine gen-
erally contributes to the vaporization enthalpy as a
single substituent on an aromatic carbon atom (1.2
kJ mol1).10

MATERIALS AND METHODS

All compounds used in this study were purchased
from Sigma—Aldrich Chemical Company (Milwau-
kee, Wisconsin; and St. Louis, Missouri) and used
as purchased. All materials had stated purities by
the supplier of 99 % mass fraction or better except
2-fluorobenzoic acid and biphenyl-4-carboxylic acid
with stated purities of 97% and 95%, respectively. The
flurbiprofens (CAS 5104-49-4) were of pharmaceutical
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grade. Correlation gas chromatography experiments
were performed on an HP 5890 Gas Chromatograph
(Santa Clara, California) equipped with a flame ion-
ization detector and run at a split ratio of approxi-
mately 100/1. Retention times were recorded on an
HP Chemstation. The compounds were run isother-
mally on a 0.25 mm, 30 m DB5 MS column at 10 psi us-
ing helium as the carrier gas. Loading on the column
was kept to a minimum by injecting 1 pL of a dilute
solution of the analytes in methanol. Although en-
thalpies of transfer do depend on the nature of the col-
umn and the various instrumental parameters such
as flow rate and temperature used, the results fol-
lowing the correlation remain independent of the ex-
perimental conditions provided they remain constant
within the reproducibility of the results. At the tem-
peratures of these experiments, the retention time of
methanol also functioned as the nonretained refer-
ence. Adjusted retention times, t,, were calculated by
subtracting the measured retention time of the non-
retained reference from the retention time of each
analyte as a function of temperature, at T'= 5 K in-
tervals over a T'= 30 K range. Column temperatures
were controlled by the gas chromatograph and were
monitored independently by using a Fluke 50S K/J
digital thermometer (Everett, Washington). The tem-
perature maintained by the gas chromatograph was
constant to +0.1 K. Enthalpies of transfer were calcu-
lated as the product of the slope of the line obtained by
plotting In(¢,/t,) versus 1/T and the gas constant, R.
All plots of In(¢,/t,) versus 1/T, where ¢, = 1 min, were
characterized by correlation coefficients, 72 > 0.99.
The uncertainties (+0) reported in the last column of
the correlation tables below were calculated from the
uncertainty in the slope and intercept of the equations
listed at the bottom of each respective run. These un-
certainties reflect the potential error in the absolute
value of the vaporization enthalpy and are a measure
of the precision of the measurements. Although the
results are highly reproducible, the absolute error is
also dependent on the quality of the data used as ref-
erence. The uncertainties associated with the temper-
ature adjustments are as follows. A potential uncer-
tainty equal to 30% of the correction is usually associ-
ated with the use of Egs. 2 and 3. Although this value
has been chosen arbitrarily, the combination of Eqs. 2
and 3 has been shown to fit experimental sublimation
enthalpies within an uncertainty of approximately
+4 kJ mol~1.18 The uncertainty associated with Eq.
6., described below, has an uncertainty of 16 J mol !
assigned to the temperature-independent term of the
equation.? Equations 2, 3, and 6 have proven reliable
up to approximately 500 K, although the uncertain-
ties associated with temperature adjustments near
the upper limit are probably larger.
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Table 2. Retention Times of Several Alkanes and Some 1-Fluoro Derivatives

T (K)
t (min)
Run 1 409.1 414.1 419.2 424.2 429.3 434.3 439.3
Methane® 3.124 3.152 3.175 3.199 3.227 3.249 3.273
Heptane? 3.508 3.504 3.503 3.499 3.501 3.502 3.509
1-Fluoroheptane 3.910 3.860 3.819 3.780 3.752 3.727 3.712
Decane 5.097 4.888 4.725 4.593 4.445 4.330 4.241
Dodecane 8.809 8.022 7.394 6.855 6.391 6.005 5.680
1-Fluorododecane 14.552 12.776 11.416 10.233 9.237 8.402 7.684
Tetradecane 19.310 16.648 14.603 12.868 11.400 10.199 9.179
1-Fluorotetradecane 35.568 29.758 25.444 21.764 18.710 16.216 14.094

aNonretained reference.
bUsed as the solvent.

Gas Chromatographic Retention Times

The experimental gas chromatographic retention
times for one of the runs performed for each set of cor-
relations is provided below. All runs were conducted
in duplicate, to confirm reproducibility except for (R)-
flurbiprofen. This material exhibited the same reten-
tion times as the racemic form. The resulting vapor-
ization enthalpies of both runs were used to generate
statistics listed below. As described below, the runs

using alkanes and 1-fluoroalkanes were performed to
establish whether alkanes can successfully be used
to evaluate the vaporization enthalpies of compounds
containing a single fluorine substituent.

Fusion Enthalpies

The fusion enthalpies of (R,S)- and (R)-flurbiprofen
were measured on a PerkinElmer DSC 7 instrument
(Waltham, Massachusetts) using the Pyris Series

Table 3. Retention Times of Some Carboxylic Acids and (R,S)-Flurbiprofen

T(K)
t(min)

Run 3 454.2 459.2 464.1 469.1 474.1 479.2 484.1

Methanol? 3.140 3.164 3.178 3.193 3.215 3.235 3.251

4-Fluorobenzoic acid 3.866 3.813 3.756 3.710 3.680 3.655 3.630

2-Fluorobenzoic acid 4.056 3.980 3.901 3.837 3.793 3.755 3.720

4-Methoxybenzoic acid 5.756 5.448 5.166 4.934 4.747 4.589 4.452

4-t-Butylbenzoic acid 6.704 6.273 5.854 5.515 5.242 5.017 4.823

Ibuprofen 9.151 8.311 7.561 6.952 6.457 6.048 5.704

Hexylbenzoic acid 13.987 12.349 10.893 9.731 8.788 8.016 7.377

Octylbenzoic acid 28.291 23.993 20.363 17.486 15.179 13.315 11.798

(R,S)-Flurbiprofen 33.882 28.571 24.089 20.558 17.723 15.442 13.58

aNonretained reference and solvent.
Table 4. Retention Times of Some Carboxylic Acids and (R)-Flurbiprofen
T(K)
t(min)

Run 5 454.3 459.2 464.2 469.2 474.2 479.2 484.2
Methanol? 3.06 3.086 3.083 3.112 3.133 3.159 3.175
4-Fluorobenzoic acid 3.812 3.755 3.682 3.65 3.618 3.598 3.574
2-Fluorobenzoic acid 3.997 3.916 3.824 3.774 3.728 3.696 3.662
4-Methoxybenzoic acid 5.69 5.367 5.074 4.858 4.672 4.521 4.387
4-t-Butylbenzoic acid 6.599 6.126 5.722 5.41 5.149 4.931 4.743
ibuprofen 9.03 8.157 7.42 6.838 6.354 5.955 5.616
Hexylbenzoic acid 13.846 12.094 10.695 9.565 8.649 7.887 7.259
Biphenyl-4-carboxylic acid 22.085 18.918 16.358 14.309 12.629 11.261 10.12
Octylbenzoic acid 28.139 23.596 20.078 17.246 14.971 13.12 11.627
(R)-Flurbiprofen 33.617 28.084 23.743 20.261 17.474 15.204 13.375

aNonretained reference and solvent.
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Figure 2. The DSC curve of (R)-(—)-flurbiprofen. Weak
solid—solid transitions are observed at T = 353.9 and
363.9 K.

Thermal Analysis software. The experiments were
conducted under an atmosphere of nitrogen at a flow
rate of 20 mL/min at a ramp rate of 5°C/min from T =
298 K to T'g,s in hermetically sealed aluminum pans.
The instrument was calibrated using indium metal,
99.999%, as a standard. The results are summarized
in Table 4. Fusion temperatures are reported as onset
temperatures. No mass loss was observed following
fusion. The fusion enthalpy for (R,S)-flurbiprofen was
performed as a means of confirming the identity of
the crystalline modification used. Agreement of this
work with the literature was very good. A single en-
dothermic peak was observed with an onset temper-
ature of T'= (387.1 + 0.1) K. Upon a second heating
of the supercooled melt, (R,S)-flurbiprofen exhibited
an exothermic crystallization peak at approximately
T = 317 K and a second weaker exothermic peak
due to a phase transition at 7' = 338 K, similar to
what has been previously observed.” The fusion en-
thalpy and onset temperature measured were nearly
identical to the initial results, suggesting that the
sample reverted back to the more stable polymorph
upon heating.

The DSC behavior of (R)-flurbiprofen was some-
what different. It showed weak broad transitions cen-
tered at T'=(353.9 £ 0.1 and 363.7 £ 0.1) K followed
by fusion at an onset temperature of T'=(380.6 + 0.4)
K (Fig. 2). This material was also found to super-
cool following fusion when rapidly cooled to room
temperature in the DSC. It was observed to solidify
exothermically upon reheating to approximately T =
313-333 K or if cooled in the DSC at 5 K/min from
its melting temperature. It then melted at its normal
fusion temperature. The weak transitions observed
with fresh samples were not obvious upon remelt-
ing. The DSC heating curve of a mixture of the R
isomer with the racemic form in a ratio of 5.16/3.67
mg, respectively, resembled a superimposition of the
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two pure components. Upon reheating the melt, which
also supercooled, the solidification of both (R,S)- and
(R)-flurbiprofen and the phase transition of the (R,S)-
form could be observed as illustrated in Figure 3. This
suggests that the weak transitions observed in the R
isomer are not due to the presence of small amounts
of its racemate. The ideal fusion enthalpy calculated
for the mixture based on the composition of the pure
materials is 25.2 + 0.2 kJ mol~! and can be com-
pared with a total value of 24.2 kJ mol~! measured ex-
perimentally (single determination). Upon prolonged
standing, both materials solidified and no exothermic
phase transitions were observed.

The fusion temperature of biphenyl-4-carboxylic
acid is at the limit of applicability of Eq. 3. The un-
certainty assigned to the temperature adjustment is
likely to be a minimum value. Additionally, the un-
certainty associated with the reported sublimation
enthalpy of biphenyl-4-carboxylic acid is a measure
of the precision of the measurement made by Calvet
drop calorimetry at 7' = 488 K.8 It does not include
any uncertainty associated with the 46.4 kJ mol !
temperature adjustment to 7' = 298.15 K applied to
the measurements. For these reasons, the vaporiza-
tion enthalpy of biphenyl-4-carboxylic acid, included
in one of the mixtures, was not used as a standard.

Sublimation, Fusion, and Vaporization Enthalpies of the
Standards

Literature values for the sublimation fusion and va-
porization enthalpies of the standards used in this

35 4

30 H

QS mW

25

20 -

300 3 340 360 380
T(E)

Figure 3. The DSC trace of the cooled melt of a mixture
of (R)-flurbiprofen (5.16 mg) and the racemic mixture (3.67
mg). The exothermic peaks at 7'= 310 and 320 K represent
solidification of the supercooled liquid and the exothermic
peak at 338 K represents the phase change associated with
the (R,S) form. The endothermic peaks at T'= 374 and 381
K are associated with fusion of the (R)- and (R,S)- mixture.
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Table 5. Fusion Enthalpies of (RS)-, (R)-(—)-Flurbiprofen, and 2-Fluorobenzoic Acid

AHins(T) AI{fus(Tfus) Ttus (K) AI'Ifus(Tfus)av Tfus(K)av
Sample (mg) (kJ mol™!)  Typs (K) peak  (kJ mol~1) onset (kJ mol~1) onset

(R,S)-Flurbiprofen 7.12 27.9 387.1 28.2+ 0.3 387.1 +£0.1
7.60 28.4 387.2
7.60 27 .42 386.0

(R)-(-)-Flurbiprofen 9.86 0.33/0.19 353.9/363.2 23.2 380.4 23.3 +0.30 380.6 + 0.4
10.0 0.39/0.19 353.9/363.6 22.6 380.5
10.84 0.19/0.24 353.8/364.2 22.7 381.1

2-Fluorobenzoic acid 17.76 0.43 309.8 20.2 396.8 20.1 +0.1¢ 3974+ 0.9
17.53 0.41 309.8 20.1 397.0
17.24 0.41 309.8 20.1 398.4

Biphenyl-4-carboxylic 15.80 319 499.7 32.1+0.2 499.5 +£ 0.5
acid 17.63 32.2 499.8
7.67 32.2 498.9

aThe fusion enthalpy measured by reheating the melt; not used in evaluating the mean.
bIncludes the solid—solid transition enthalpies of 0.5 kJ mol~!.
¢Includes the solid—solid transition enthalpy of 0.42.

study are summarized in Tables 5-8 and their struc-

tures are provided in Figure 4. The results have
been reported by different groups who used different
method for adjusting their results to a common ref-
erence temperature. For consistency, all of the com-
pounds were adjusted from the mean temperature of
measurement to 7' = 298.15 K using Egs. 1-3 and 6

as appropriate.

AI_Ivap(2981{)/kJ mol’l =

AH,ap(Th) + [10.58 + 0.26C,(1)]
x (T, — 298.15)/1000

Table 6. Adjustment of Literature Sublimation Enthalpies to 7'= 298.15 Ko

AHgub(Tm) Tm Cy(o AH (298 K)e
Compound (kJ mol~1) (K) [J mol~1 K~1] (kJ mol~1) References
4-Fluorobenzoic acid 912+ 1.3 370 164.9 934 +24 19
2-Fluorobenzoic acid 939+ 05 316.2 164.9 94.8 + 0.5 20
4-Methoxybenzoic acid 110.60 + 0.3 351.3 226.5 112.5 + 0.6 21
4-t-Butylbenzoic acid 103.8 + 0.42 334.1 2449 105.2 + 0.6 22
4-Hexylbenzoic acid 119.9 + 0.22 355.1 311.2 122.6 + 0.8 23
Biphenyl-4-carboxylic acid 1275+ 4.1 8
4-Octylbenzoic acid 1309+ 1.0 369.7 365 140.7 + 1.6¢ 23

aTemperature adjustments using Eq. 2.3
bIncludes the enthalpy of solid—solid phase transitions at 7'= 309.8 K, (0.41 + 0.1) kJ mol~! and a temperature adjustment

of (0.46 + 0.1) kJ mol 1.

c¢Includes the enthalpy of solid—solid phase transitions at 7' = [305.6 K, (5.40 # 0.1) kJ mol~! and 366.6 K, (0.47 & 0.03) kJ

mol~!] and a temperature adjustment of 4.0 kJ mol~!.

Table 7. Adjustment of Literature Fusion Enthalpies to 7'= 298.15 K

AHfys(Ttus) Cp(D/Cp(0) AHj{,5(298 K)o
Compound (kJ mol~1) Tt (K) [J mol~1 K~1] (kJ mol—1) References
4-Fluorobenzoic acid 20.9 451.2 221.4/164.9 14.4+20 24
2-Fluorobenzoic acid 20.1+0.1 3974 221.4/164.9 16.3 £ 1.3 TWe
4-Methoxybenzoic acid 28.97 +£ 1.0 455.3 269.9/226.5 21744+ 24 25
4-¢-Butylbenzoic acid 1791+ 05 436 323.9/244.9 10.01 + 24 26
4-Hexylbenzoic acid 13.83 + 0.1¢ 385.9¢ 399.6/311.2 79+18 23
4-Octylbenzoic acid 21.39 £ 0.2  388¢ 463.4/365 14.6 £ 2.0 23
Biphenyl-4-carboxylic acid 32.1+0.2 499.5 329.5/236.1 20.0 + 3.6 TWe
(R,S)-Flurbiprofen 279 +£0.2 387.7 396.5/297.5 21.8+ 1.8 7
(R)-Flurbiprofen 23.3+0.38 380.6 396.5/297.5 17.7+£ 1.7 TWe

aTemperature adjustments using Eq. 3.
bIncludes the enthalpy of solid—solid phase transitions at Tims= 309.8 K, (0.41 + 0.1) kJ mol~! and a temperature
adjustment of (—4.2 + 1.3) kJ mol~1.

¢This work.

dIncludes a liquid crystal to isotopic liquid transition of 0.95 + 0.04 kJ mol~!.

¢Transition temperature to an isotropic liquid.

f Includes a solid—solid phase transitions at Tms = [305.6 K (5.40 + 0.1) kJ mol ! and 366.6 K (0.47 + 0.03) kJ mol~!]
and liquid crystal to isotopic liquid transition of 1.2 & 0.12 kJ mol 1.
&Includes the two solid—solid transitions reported in Table 4.
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Table 8. Vaporization Enthalpies of the Liquid Standards at T'= 298.15 K

AHyap (Trm) Cp(D AHy,p(298 K)@
Compound (kJmol™!) Ty (K) [Jmol ! K1 (kJ mol~1) References
1-Fluoroheptane 404+ 0.1 308.2 242.5 41.1+0.3 27
n-Heptane 36.6 £ 0.4 28
n-Decane 51.4+0.5 28
1-Fluorododecane 55.9+0.1 393.2 402 66.9 + 3.3 27
n-Dodecane 61.5 +0.6 28
1-Fluorotetradecane 61.1 +£0.1 418.2 465.8 76.9 £ 4.7 27
n-Tetradecane 71.7+£0.7 28
Ibuprofen 106 + 5.5 17

aTemperature adjustments using Eq. 6.

RESULTS

The first correlation performed was to examine how
well hydrocarbons are able to reproduce the va-
porization enthalpies of singly fluorinated hydrocar-
bon derivatives. The fluorinated compounds chosen
were 1-fluorinated alkanes that varied in the size

of the hydrocarbon component, 1-fluoro-heptane, -
dodecane, and -tetradecane. Each correlation was re-
peated twice. The retention times of only one of the
duplicate runs is reported in Table 2. The resulting
correlation equations of both runs, however, are in-
cluded in the equations provided below (Table 10).

CoH COH CO.H COH
| : :
F OCH3 C(CH3)s
CO,H CO.H
CHoma § COzH COzH
(CHy)sCH; (CHz)»CH3
CH,CH(CH4),

Figure 4. Structures of the compounds used in the flurbiprofen mixtures. From left to right,
top to bottom: 4-fluorobenzoic acid, 2-fluorobenzoic acid 4-methyoxybenzoic acid 4-t-butylbenzoic
acid, (S)-ibuprofen, 4-hexylbenzoic acid, 4-octylbenzoic acid. Biphenyl-4-carboxylic acid was not
used as a standard because of the uncertainty associated with the large temperature adjust-
ments. Thermochemical data for 4-isobutylbenzoic acid, another structurally related material,

is not currently available.

Table 9. Vaporization Enthalpies of The Solid Standards and (R,S)-Flurbiprofen and at "= 298.15 K

AHgs(298 K) kJd mol ™ AHy,p(298 K) kJ mol !

Compound AH¢,,(298 K) kJ mol 1
4-Fluorobenzoic acid 934 +24
2-Fluorobenzoic acid 948 £ 0.5
4-Methoxybenzoic acid 1125+ 0.6
4-t-Butylbenzoic acid 105.2 £ 0.6
4-Hexylbenzoic acid 122.6 + 0.8
Biphenyl-4-carboxylic acid 1275+ 4.1
4-Octylbenzoic acid 140.7+ 1.6

(R,S)-Flurbiprofen 110.2 + 0.5(Ref.6)

144+ 2.0 79.0 +3.1
16.3+1.3 785+ 14
2174+ 2.4 90.7+25
10.01 + 24 95.2+25
7.90+ 1.8 114.7+ 2.0
20.0 £ 3.6 1075 £ 5.5
146 £ 2.0 126.1 + 2.6
21.8 + 1.8(Ref.6) 88.4+1.9
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Table 10. The Correlation of AH,,,(298 K) with AH(Tr) for Alkanes and 1-Fluoroalkanes

AHym(424 K)  AH55(298 K) AH,55(298 K) AH,55(298 K)
Run 3 Slope [T (K)] Intercept (kJ moll) [kdJ mol~!(it)] [kJ mol~! (caled.)] [kd mol~1 (lit)]
Heptane -2916.7 8.085 24.2 36.6 36.54+04
1-Fluoroheptane —3471.3 8.727 28.9 42.7+0.4 41.1+0.3
Decane —4213.9 9.619 35.0 514 514404
Dodecane -5078.0 10.678 42.2 61.5 615+ 0.5
1-Fluorododecane —5605.0 11.267 46.6 67.7+0.5 66.9 + 3.3
Tetradecane —5942.7 11.745 494 71.7 71.7+ 0.5
1-Fluorotetradecane —6459.3 12.312 53.7 77.7+05 76.9 £4.7

Run 1 (data from Table 2):

AH (298 K)/kJ mol ! = (1.39 + 0.01) AgnH (424 K) + (2.67 + 0.32) 72 = 0.9999.

Run 2 (Data not included)

AH,,p(298 KYkJ mol ™! = (1.39 + 0.01) AynH,(424 K) + (2.68 + 0.27) 72 = 0.9999.

As noted in the last two rows of Table 10 and illus-
trated in Figure 4, the 1-fluoroalkanes are reproduced
by the n-alkanes, generally within their experimen-
tal uncertainty. The success in using these standards
in reproducing the vaporization enthalpies of the 1-
fluoroalkanes prompted evaluation of the vaporiza-
tion enthalpy of the flurbiprofens using carboxylic
acids and the few fluorocarboxylic acids whose vapor-
ization enthalpies could be evaluated from existing
data.

Sublimation enthalpies of the monofluorinated
benzoic acids are available and together with their
fusion enthalpies, the vaporization enthalpies could

be calculated as indicated above. As their vaporiza-
tion enthalpies and retention times are very similar,
only two of the three were used as standards. This in-
cluded using the vaporization enthalpies of both the 2-
and 4-fluorobenzoic acid along with a variety of other
structurally related carboxylic acids. The value re-
cently reported for (S)-ibuprofen!” was also included,
along with the flurbiprofens. The retention times and
the resulting correlations for (R,S)-flurbiprofen are
summarized in Tables 3 and 11 and in Figure 6.

The same standards were also used in the evalua-
tion of the vaporization enthalpy of the R isomer. The
retention times are listed in Table 4 and the results

Table 11. The Correlation of AHy,p(298 K) with AHtp,(Thy) for Carboxylic Acids and (R,S)-Flurbiprofen

AHyup(469 K)  AH 4p(298 K) AHy,p(298 K) AHy,p(298 K)

Run 3 Slope [T (K)] Intercept  (kJmol™?) [kJ mol~1 (lit)] [kJ mol~! (caled.)] [kJ mol~! (Table 9)]
4-Fluorobenzoic acid —4789.9 10.867 39.8 78.7 76.9 £ 3.8

2-Fluorobenzoic acid —4946.4 10.98 41.1 78.5 79.3 +£3.8

4-Methoxybenzoic acid —5733.8 11.665 47.7 90.7 91.7 £ 4.0

4-¢t-Butylbenzoic acid —6057.6 12.067 50.4 95.2 96.7 +£ 4.0

(S)-Ibuprofen —6612.2 12.768 55.0 106 1054 £ 4.3

Hexylbenzoic acid —7133 13.324 59.3 114.7 113.5+ 4.5

Octylbenzoic acid —7953.1 14.29 66.1 126.1 126.4 +4.8

(R,S)-Flurbiprofen —8034.7 14.269 66.8 127.6 £4.9 88.4+1.9

Run 3 (Data from Table 3).

AHqp(298 K)/kd mol ™! = (1.88 + 0.057) AynHm (469 K) + (1.95 + 3.0) r? = 0.9954.

Run 4 (Data not included).

AH,,p(298 K)/kJ mol ™! = (1.85 £+ 0.068) AynHim(469 K) + (2.65 £ 3.6) r2 = 0.9933.

Table 12. The Correlation of AH,,(298 K) with AHy,(Thy,) for Various Carboxylic Acids and (R)-Flurbiprofen

AH;:, (469 K)

AHyp(298 K)

AHyp(298 K)

AH,(298 K)

Run 3 Slope (K) Intercept  (kJmol1) [kJ mol~1 (lit)] [kJ mol(caled.)] [kJ mol~! (Table 9)]
4-Fluorobenzoic acid —4655.8 10.54 38.7 78.7 76.9 + 3.6

2-Fluorobenzoic acid —4809 10.658 40 78.5 79.1+3.7

4-Methoxybenzoic acid —5692.2 11.571 47.3 90.7 92.3 +£3.9

4-¢-Butylbenzoic acid —5970.8 11.889 49.6 95.2 96.4+4.0

(S)-Ibuprofen —6569 12.682 54.6 106 105.3 + 4.2

Hexylbenzoic acid —7126.2 13.319 59.2 114.7 1136 +44

Biphenyl-4-carboxylic acid —7398.5 13.35 61.5 117.6 +4.5 107.5+5.5
Octylbenzoic acid —7983.1 14.362 66.4 126.1 126.3 +4.7

(R)-Flurbiprofen —8058.3 14.329 67 127.4 + 4.7

Run 5 (Data from Table 4).

AH (298 K)/kJ mol ! = (1.79 £ 0.056) AynHm(469 K) + (7.64 £ 2.9) 72 = 0.9951.
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Figure 5. A plot of vaporization enthalpy at 7'=298.15 K
against the enthalpy of transfer measured at a mean tem-
perature of T = 424 K, illustrating the correlation be-
tween n-alkanes and their 1-fluoro derivatives. Values of
AH,,,(298 K) for the 1-fluoroalkanes ((J) were not used in
generating the line calculated by linear regression. Uncer-
tainties are literature values.

are summarized in Table 12. As indicated in Table
12, biphenyl-4-carboxylic acid was also included in
this mixture but its vaporization enthalpy was not
used in the correlation for the reasons cited above.
The resulting vaporization enthalpy obtained by the
correlation for this material is basically within the
uncertainties estimated.

The vaporization enthalpies of the chiral and
racemic forms of a substance are expected to differ
but be very similar in magnitude. Examination of the
results of Tables 11 and 12 confirm this expectation.
Small differences in vaporization enthalpy between
enantiomer and racemate have also been observed
in other chiral systems as well.!*2? Additionally, to
determine whether (R,S)- and (R)-flurbiprofen have
different retention times, a mixture of the two forms
were injected simultaneously at both the lower and
upper temperature used in the gas chromatographic
analysis. Only a single peak was observed at both
temperatures.

DISCUSSION

The results of this work for both flurbiprofens
and biphenyl-4-carboxylic acid are summarized in

140
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Figure 6. The correlation obtained between AH,,,(298 K)
and AH;,,(469 K) using both mono-fluorinated (-) and non-
fluorinated carboxylic acids (O ) as standards. The vaporiza-
tion enthalpy for (R,S)-flurbiprofen (W) from the correlation
and its uncertainty is also included. The other uncertain-
ties are literature values. The line represents the results of
a linear regression analysis of the standards.

Table 13. Included in this table is the fusion en-
thalpy of (R,S)-flurbiprofen, the total solid—solid and
solid-liquid phase transitions from 7' = 298.15 K
to Tt for the (R)-enantiomer, the fusion enthalpy
measured for biphenyl-4-carboxylic acid, all adjusted
to T = 298.15 K, their vaporization enthalpies at
T = 298.15 K, and the resulting sublimation en-
thalpies calculated using Eq. 1. As indicated in Ta-
ble 13, the sublimation enthalpy calculated for (R,S)-
flurbiprofen of 155.6 + 5.8 kJ mol~! varies substan-
tially from the literature value of 110.2 + 0.5 kJ
mol 1. We have no explanation for the discrepancy ob-
served. The sublimation enthalpy of (R)-flurbiprofen
is evaluated as 145.1 + 5.8 kJ mol~!. Despite the
fact that the sublimation enthalpies of the chiral and
racemic forms are within their uncertainties, the dif-
ference in fusion enthalpy, 4.9 + 0.4 kJ mol !, is prob-
ably the best indicator of the difference in sublimation
enthalpy between the two forms. Finally, according to
the results obtained by correlation gas chromatogra-
phy and DSC, the sublimation enthalpy at T'= 298.15
K of biphenyl-4-carboxylic acid is predicted to be ap-
proximately 10 kJ mol~! larger than the value mea-
sured by Calvet drop calorimetry. However, when the

Table 13. Vaporization and Sublimation Enthalpies of Flurbiprofen and Comparison with the Literature?®

AH(298 K) (kJ mol 1)

AHyp(298 K) (kJ mol™!) AHyap(298 Klave  AHfs(298 K) (kJ mol™1) This work Lit Lit
(R,S)-Flurbiprofen 127.6 +£4.9/127.3 +5.8 1275+ 5.5 21.8+1.8 1493 +£58 1102+05 6
(R)-Flurbiprofen 127.4 + 4.7 17.7 £ 1.7¢ 145.1 £5.8 TWb
Biphenyl-4-carboxylic acid 1176 +4.5 1176 £ 4.5 20.0 + 3.6 137.6 +5.8 127.5+41 10

aAlso includes the enthalpies associated with the two solid—solid phase transitions observed.

5This work.
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uncertainties associated with both measurements are
taken into consideration, the two numbers are indis-
tinguishable.
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