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The structure and dynamic properties of aqueous mixtures of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) have been investigated over the whole range of HFIP mole frackigng by large-angle

x-ray scatteringLAXS), small-angle reutron scatterit§ANS), *°%F-, 1°C-, and'’O-NMR chemical

shifts, ’O-NMR relaxation, and mass spectrometry. The LAXS data have shown that structural
transition of solvent clusters takes placexatp~ 0.1 from the tetrahedral-like hydrogen bonded
network of water ak,gp<~0.1 to the structure of neat HFIP gradually formed with increasing
HFIP concentration in the range ®frp=0.15. The Ornstein—Zernike plots of the SANS data have
revealed a mesoscopic structural feature that the concentration fluctuations become largest at
Xyep~ 0.06 with a correlation length 6£9 A, i.e., maximum in clustering and microhetrogeneities.

The ' and*C chemical shifts of both GFand CH groups of HFIP againsf,p have shown an
inflection point atx,p~0.08, implying that the environment of HFIP molecules changes due to the
structural transition of HFIP clusters. Th#® relaxation data of water have shown that the rotational
motion of water molecules is retarded rapidly upon addition of HFIP into water upde~0.1,
moderately in the range of 0.1<x,rp=<0.3, and almost constant at,-p=0.3, reflecting the
structural change in the solvent clustersxag,r~0.1. The mass spectra of cluster fragments
generated in vacuum from HFIP-water mixtures have shown that the predominant clustefé/are
(n<12, A=HFIP, W=water) and water clustem/,, (n=5-8) atxyrp=0.09 and 0.20 and only

HFIP oligomers in a water-rich region &f;p=0.005~0.01. From all the information obtained in

the present study, the models are proposed for the aggregation of HFIP and water molecules in
HFIP-water mixtures. ©2003 American Institute of Physic§DOI: 10.1063/1.1602070

I. INTRODUCTION with an imaging plate as an area detector and neutron dif-
fraction with isotopic substitution method combined with
Alcohol-water binary solutions have recently been revis-molecular simulation(empirical potential structure refine-
ited in the biophysics and biochemistry fields due to theirmeny have enabled us to determine the detailed structure of
importance in understanding phenomena, such as thgqueous mixtures of methandl, ethanof*~*® and
alcohol-induceda-helix promotion of peptides and proteins tert-butanot’ as a function of alcohol concentration at a mo-
in aqueous solutiof-*? Among various alcohols available, lecular level. Mass spectrometry has also been proved to be
fluoroalcohols, such as 2,2,2-trifluoroethan@FE) and  useful for estimating the composition of solvent clusters of
HFIP, have been found to be more effective than aliphaticicohol-water mixture$3~°The results of these studies have
alcohols in stabilizing ther-helical structure of peptides and demonstrated that structural transition of solvent clusters
proteins3~*?e.g., HFIP has been found to be about 20 timesakes place at specific alcohol concentrations depending on
more effective than methanol in the denaturation ofthe nature of the hydrophobic groups of alcohols. Interest-
f-lactoglobulin and the helix formation of melitti. ingly the specific alcohol concentrations of the structural
In recent years, an advanced x-ray diffraction techniqueransition are consistent with those where anomalies in vari-
ous physicochemical properties are observed for alcohol-
JAuthor to whom correspondence should be addressed. Electronic maivater binary solutions. Furthermore, our previous circular
yamaguch@fukuoka-u.ac.jp; Fax81-92-865-6030. dichroism(CD) spectral measurements of chymotrypsin in-
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hibitor 2 in ethanol-water mixturéhave shown an inflec- Section IV summarizes the results and concludes the most
tion point in the transformation frong-sheets toa-helix  likely model of the solvent clusters in aqueous HFIP mix-
structure near the structure transition concentration, implyingures.
that solvent clusters play an important role in the change of
the secondary structure of peptides and the denaturation of
econaary ! PEp . EXPERIMENT

proteins in aqueous solution.

Thus, the microscopic structure and dynamic propertieé\. Preparation of samples
of clusters formed in HFIP-water binary solutions are essen- HFIP (Wako Pure Chemicals, extra gradeas used

tial for understanding the physicochemical properties Ofyithqayt further purification. HFIP and doubly distilled water
aqueous HFIP m|xture_s and their str0@g1ellx stabilization “were weighed to the required compositions of the sample
of peptides and proteins. The hydration of fluorocarbons inso|ytions used for x-ray diffraction measurements. For the
aqueous solution is usually accompanied by a negativeans measurements,,D (Aldrich, D content 99.8%was
change of enthalpy and entropy, and their magnitudes argseq instead of light water without further purification and
larger than those for the corresponding hydrocarbons withnixed with HFIP. The densities of the sample solutions were
the same number of carbon atoMsSo far, the structure of determined at 25°C with a densimeté&nton Paar K.G.
HFIP-water mixtures has been investigated by molecular dypmA 48). For the NMR measurements,, HO (CDN, 27
namics simulation on an infinitely dilute system of 216 waterat.%'’0) was diluted by adding doubly distilled water to the
molecules and one HFIP molec#f&The results showed that atomic fractions oft’O enough to obtain a good signal to
the hydrogen bonding is enhanced around the hydroxyhoise ratio and then mixed with HFIP to the required con-
group. However, clustering in HFIP molecules was not ex-centrations.

amined. Raman spectra ahi€ NMR spectra were measured
for HFIP-water mixtures over the whole range of HFIP con-
centration, suggesting the formation of micelle-like assem
blies with the fluoroalkyl groups as an inside core, although  X-ray diffraction measurements were made at room tem-
its structural details remain unexplor&dVery recently, a perature on HFIP-water mixtures over the whole mole frac-
molecular dynamics simulation study on HFIP-water mix-tion range of HFIP including pure water and HFIP (O
tures over a whole range of HFIP mole fractions has beersxygp<1). A rapid liquid x-ray diffractometefBRUKER
reported?® Although simulated thermodynamic properties of AXS, DIP301), combined with an imaging platé-uji Film
pure HFIP are in good agreement with the experimental dat€;o. Ltd) as a two-dimensional detector, was used for all
the model potentials failed to reproduce the mixing enthalpyneasurements. Details of the diffractometer and its perfor-
for the mixtures. In order to validate the simulation and im-mance have been described elsewi&féX-rays were gen-
prove the pair potentials of HFIP-water mixtures, experimenerated by a rotary Mo anod®igaku, RU-300 operated at

tal data such as the structure factors and the radial distribd?0 KV and 200 mA, and then monochromatized by a flat
tion functions, which can be compared directly with thosegraphite crystal to obtain M« radiation(the mean wave-
obtained by the simulation, are highly needed. Hangl.  length A\=0.7107 A. A sample solution sealed in a glass
have performed small-angle x-ray scattering of aqueou§apillary (W. Muller, i.d. 2.00 mm, o.d. 2.02 mmwas ex-
HFIP solutions and found that maximum aggregation ofP0sed to x-rays for 1 h. An empty glass capillary was also
HFIP molecules occurs at around 30#) HFIP or x,p  Measured in order to correct for the cell scattering. The ob-
—0.06712 Furthermore, from their CD study on conforma- S€rved range of the scattering ang#) was 0.1 to 109°,

. B _ _l .
tional transition of melittin ang3-lactoglobulin induced by ~C€orresponding to a scattering vectsf=4m\ " ~sin6) of

1
HFIP against the extent of cluster formation, they have squ'o2 to 14.4 '& : ) ) -
The two-dimensional x-ray intensitiek,,«X,y), accu-

gested that clustering of alcohol molecules is an important

factor to enhance the effects of alcohols on proteins and pepnulated on the imaging plate were corrected for polarization
tides. and then integrated into one-dimensional datad6), as

In the present study, we have performed Iarge-angléjescribed previousi# 2% The experimental intensities for

x-ray diffraction (LAXS), small-angle neutron scattering :‘besosrag:)?:z%??geti?]?enir;pgf t(;]aep'elﬁr% ngreillaior\:\?getﬂe;or
(SANS), 1°F-, 13C- and*’0-NMR chemical shifts?’O-NMR prion. Y Pty capiiary

. subtracted in order to extract the contribution from the
relaxation, and mass spectroscopy measurements and re- . : "
. . sample solution alone. The corrected intensities were nor-
vealed the structure of predominant solvent clusters in HFIP- . : ; 9
. . " "malized to electron units by conventional methéd€® The

water mixtures at a molecular level from the microscopic to

. th it d si f the clust contribution of the incoherent scattering)"%(s)
Mesoscopic ranges, the composition and siz€ ot € Clusters, xi1;"°°(s), was subtracted from the normalized intensi-

and the dynamic properties of water molecules as a functioneS to obtain the coherent scattering intendft§(s), where

of HFIP mole fraction. X; is the number of atomisin a stoichiometric volum&’ per

Section Il describes the details of various experimentsy 4iom of water and/or HEIP molecules altfo(s) is the
employed. In Sec. Il we present experimental radial distri—COmpton scattering intensity of atomis® 'Il'he structure

B. X-ray diffraction

bution functions, the concentration fluctuations and size Ofunction i(s), is given by
the clusters, the rotational motions of water molecules in the coh 5
aqueous HFIP mixtures, and the composition of the clusters. 1(S)=1°7"(s) =2x;f(s), (1)
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TABLE I. Intramolecular para_lmeter vgluéSef. 20 used in thg calculg- when D,O is used as a solvent instead OICH the aggrega-

tions.r; , nj;, andby; are the interatomic distance, number of interactions, tion or concentration fluctuations in the HEIP-water binar

and temperature factor in E(B), respectively. . . R y
mixtures have a good contrast in SAN&hich is thus supe-

rij 1A n; b;; /A2 rior to SAXS, small-angle x-ray scattering In the
HEIP HFIP-D,O binary mixtures the hydroxyl D and H atoms
O—H 0.992 1 0.005 within D,O and HFIP may exchange, but the aggregation or
C,—-H 1.095 1 0.005 concentration fluctuations still show good contrast because
F—Ci, F-Gg 1371 6 0.005 of the much higher BO concentration at the mole fractions
C,-0 1.428 1 0.005 investigated.
f:?i‘lff);flzz ;i’gg g 8:88‘2 SANS measurements were made at two different facili-
(F1.F)-C, 2393 6 0.005 ties. In the first run the HFIP-BD mixtures atXygp
(C1,C5)-0 2.442 2 0.005 =0.045, 0.089, and 0.134 were measured on the small-angle
H,O neutron spectrometer WINK at the spallation neutron facility
O-H 0.970 2 0.002 (KENS) of the National Laboratory for High Energy Accel-
H—H 1.555 1 0.010

erator Research OrganizatidkEK). The wavelengths of
cold neutrons used were 1-16 A, corresponding to the scat-
tering vector range 0.01-10"A The neutron beam size at
the sample position was 20 mx20 mm. A sample solution
was inserted in a rectangular quartz cell of 22 mm in width,
40 mm in height, and 2 mm in sample thickness. The accu-

where f;(s) represents the scattering factor of atdrnor-
rected for anomalous dispersighThe s-weighted structure
function was Fourier transformed into the radial distribution

function (RDF), G(r), as mulated time was 6—7 h per sample.
The second measurements were made for the HEIP-D
1 smax _ mixtures atxygp=0.0305, 0.0427, 0.0710, 0.106, and 0.152
G(r)=1+ 277 o Lmin si(s)M(s)sin(rs)ds. (20 on the small-angle spectrometer SANS-U at the reactor

JRR-3M in the Japan Atomic Energy Research Institute
Here,p, is the number density of a sample solutisg;,, and  (JAERI). The wavelength used was 6 A. The neutron beam
Smax are the minimum and maximumsivalues, respectively, size at the sample position was 7 ngmA sample was kept
attained in the measurements. A modification function,n a quartz cell of 2 mm path length. A typical accumulated
M(s), of the form[2x;f;(s)] % exp(-0.01s?) was used to time was 1 h per sample. Measurements were also made for
correct the phase shift of electrons and to minimize the terbackground, an empty cell, and lupolen.
mination effect caused by finite Fourier transformation. The SANS data of the sample solutions and the empty
The contribution of the intramolecular interactions cell were corrected for absorption by using transmission data
within HFIP and water molecules, which are characterizedneasured, and then the empty cell data were subtracted as

by the interatomic distance;, the temperature factds;; , background. Correction for the detector efficiency and data
and the number of interactions; for each atom pair-j, normalization were made by using the data ofCHin a
was calculated by Ed3) quartz cell of 1 mm sample thickness for the WINK data and
Sin(r;:s) those of luporen for the SANS-U data. The contribution of
iinga(S)=2 X nijfi(s)fl-(s)r—'sjexp(—b”sz), (3)  the incoherent scattering was then removed from the normal-
i j ij

ized intensity. The coherent and incoherent scattering lengths

and subtracted from the observed structure funciis), to  of atoms were taken from the literatute.
derive the differential structure functioiy;¢¢(s), which in-
cludes the intermolecular interactions as well as a part of
intramolecular contribution not taken into account. The val-P-
ues of the intramolecular parametersandn;; of HFIP and HFIP-H,O binary solutions were inserted into sample
H,O were cited from the literatuf®and are summarized in tubes(Pyrex glasgsof 10, 5, and 5 mm in diameter without
Table I, together with the;; values experimentally estimated degassing for%-, 3C-, and’O-NMR measurements, re-
to obtain a good fit to the experimental RDFs. The intramo-spectively. The'F chemical shift t°F-8) of the HFIP Ck
lecular distances over 2.6 A within an HFIP molecule varygroups in HFIP-water mixtures was measured on an FT-
depending on the conformation of both of the terminak CF NMR Lamda-500(JEOL) spectrometer. Thé3C chemical
groups and thus their contributions were not taken into acshifts (*C-6) of the HFIP Ck and CH groupst’O chemical
count in the above calculations. The corresponding differshift (1’0-5) and 'O spin-lattice relaxation timeT() of
ence RDHDRDF) was calculated by Fourier transformation H, Y70 in HFIP-water mixtures were measured on an FT-
of igitf(s) with Eq. (2). All the treatments of the x-ray dif- NMR GSX-400(JEOL) spectrometer. The FID signals accu-
fraction data were carried out with the prograwrvLR.%® mulated were 256 fot’O and 256—2048 fot°C depending
on HFIP concentration. The signal f&fF was not accumu-
C. Small-angle neutron scattering lated. The obs_erved_frequency ranges were 54, 20, and 5
' kHz, the sampling points were 65 536, 32 768, and 4096, and
The scattering lengths of H and D for neutrons have ahe frequency resolutions were 1.6 K003 ppm, 1.22 Hz
contrast of —3.74 and 6.67 fm, respectively,and hence (0.012 ppm, and 2.44 HZ0.04 ppm for '°F, 3C, and'’O,

. 18c- and "O-NMR measurements
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respectively. The external reference 18€- 5 was the methyl
13C of sodium 3étrimethylsilyl)propanesulfonatéTMSP) in
D,0, which was injected into an inner Pyrex glass taiba:
3 mm) placed in an outer tubé.d. 5 mm. The external
reference for'%F -8 was hexafluorobenzene filled in a space
between outer and inner coaxial cellShigemi, SC-00R
The Y’O-spin-lattice relaxation timeT(;) was measured by
the inversion-recovery method. The number of the delay
time 7 in the series of ¢— 7— 7/2), was 20. The longest
delay time exceededTy. The experimental errors i,
were within =0.5%.

The observed chemical shifts were corrected for the vol-
ume magnetic susceptibilities of HFIP-water mixtures by an
external double reference metidd® described as Eq4),

A Scrcis=k{xs— xcrciat X 10, (4)

wherek is the shape factolys and ycyciz are the magnetic  let flow was generated by hydrodynamic conversion of liquid
susceptibilities of solvents and chloroform, respectively.  stream from a small notched nozzle of diametetO um.

A capillary (i.d. 1 mm) with a spherical endo.d. 4 mm}  These droplets were introduced into the high vacuum cham-
(Shigemi, SSP-5lwas placed in an outer capillafyd. 4.2  bers through two skimmers. We used two different mass
mm). First, the shape factok of the inner capillary was spectrometers: a quadrupole mass spectroméfatrel
determined in the following manner. Chloroform was in- 7-162-8 coupled with 311-12Hand a double focus spec-
serted in the inner cell, while the outer cell was filled with trometer with electric and magnetic sectdksatos Analyti-
water, methanol, ethanol, or acetone of known magnetic susal, Profilg. The ionizer of the latter system was modified
ceptibilities. The shape factérwas obtained from the slope with a homemade ion repeller. The mass numbey zj
of plots of the differences in the twbH chemical shifts, range measured was from 170 to 980. The average tempera-
A bcnciz, measured for the various solvents against the difture of the liquid droplets was estimated to be 40 °C from the
ferences in the magnetic susceptibilitiogs— xchciz, by  temperature-dependent mass spectra of an agueous solution

FIG. 1. Molecular structure of HFIP with notation of the atoms.

Eq. (4). of propionic acid with an acid mole fraction of 0.005 as
Next, HFIP-water sample solutions were inserted intopreviously described’®
the outer cell, and th& dcyciz values were measured as In our previous studies of aqueous mixtures of

previously. Theyg values for the HFIP-water mixtures were methanolt® ethanol**~'and dioxan& by LAXS and mass
calculated from Eq(4) by using the shape factor obtained spectrometry, the solvent clusters detected on the mass spec-
above. Those for the external referenCeMSP in D,O and  tra were in good agreement with the short-range ordering
hexafluorobenzenevere also calculated in a similar manner. revealed by x-ray diffraction of the corresponding bulk solu-
The correction of the magnetic susceptibilities was thertions, although the adiabatic expansion in vacuum and ion-

applied to the chemical shifts,,s, for %, 3C, and'’O, ization processes are involved in generating the cluster frag-

which had been measured with a cylindrical double tubements from the liquid droplets. Thus, the present mass

according to Eq(5), spectra of liquid droplets of HFIP-water mixtures will give
Suar= Sope— (A4713){xs— xr} X 1P, (5) gzll:ltlircu)trfsof predominant solvent clusters formed in the bulk

where a factor of 4/3 is the shape factor for the cylindrical
double tube angvg the magnetic susceptibility of the exter-
nal references.

The probe temperature was monitored with a thermo?!l- RESULTS AND DISCUSSION
couple placed just below the sample tube and controlled t@. X-ray structure functions
within 0.1 °C by passing temperature-controlled air intoand radial distribution functions
the probe. The"*C-6 and 'O T, values were measured at

Figure 1 shows the structure of an HFIP molecule with
o 7, )

30°C. The!'O T, va!ues were alsp measured at 10 and 3,’0 Catomic labels, and the intramolecular parameter values are
for HFIP-D,O solutions in a region okygp=0.02 to esti-

mate temperature dependence of the NEBRoefficient® given in Table I. Figure 2 shows theweighted structure

hich i the struct > " f the hvdrati functions,i(s), for water, HFIP, and their mixtures as a func-
which gives us the structure information ot the nydraliony;,, ot HFIP mole fraction. As is seen in Fig. 2, the structure
shell of an HFIP molecule.

function of pure water Xy p=0) is characterized with two
typical peaks observed at 2 and 3Awhich arise from the
tetrahedral-like water structuf8.On the other hand, the
HFIP-water mixtures ai,gp=0.005, 0.01, 0.09, and structure function for pure HFIP(zp= 1) has a sharp peak
0.20 were measured by mass spectrometry, in which that 1.2 A'* and a broad second peak centered at 3. AJpon
method of adiabatic expansion of liquid droplets in vacuumaddition of HFIP into water the peak at 1.2 Ais gradually
was employed as described in detail elsewHéré’A drop-  enhanced, whereas that at 2*Ais decreased. Apparently, in

E. Mass spectrometry
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I FIG. 3. X-ray radial distribution functions for the HFIP-water mixtures as a
B T e 4 function of HFIP mole fractionxyrp. The dashed lines show the RDFs
0 2 4 6 8 10 12 1 obtained from Fourier transform of the values in Fig. 2, whereas the solid
s/ A'l lines are difference radial distribution functio(lBRDFs obtained by sub-

traction of the contribution of the intramolecular interactions within HFIP
FIG. 2. X-rays-weighted structure functiong(s), for the HFIP-water mix-  and water molecules given in Table |, from the total RDFs.
tures as a function of HFIP mole fractioqgp of (a) 0, (b) 0.06,(c) 0.10,
(d) 0.15,(e) 0.20,(f) 0.25,(g) 0.30,(h) 0.35,(i) 0.40,(j) 0.50, (k) 0.60,(l)

0.70, (m) 0.80, (n) 0.90, and(o) 1. It should be noted that the structure L
functions atx,p=0-0.15 are magnified by four for clarity, compared with whole features of DRDFs are very similar to that for pure

those aix,zp=0.2—1. HFIP, though the amplitudes of the intermolecular peaks at
~5 and~10 A increase with increasing HFIP concentration.
In the MD study on HFIP-water mixtures the relative posi-
the region ofxyrp=<0.1 the tetrahedral-like water structure is tions of the Cc—Cc peaks remain unchanged at 4.3 and 5.0—
predominant, but in the range of 0&5%rp the structure of 8.8 A, but the running integration number of thér) (Cc—
neat HFIP gradually become important. Co at 9 A does not increase linearly with the HFIP
Figure 3 shows the corresponding total and differentialconcentration and has an inflection point at 0.8484 and
radial distribution functions, RDFSdashed lines and  xyp="0.082, which is evidence of cluster formatithThe
DRDFs(solid lineg, respectively. In the DRDF of pure wa- present findings in thei(s) and DRDFs values and the MD
ter three dominant peaks are observed at 2.8, 4.5, and 7.0 Aesult$? suggest two regimes of predominant solvent clusters
corresponding to the first-, second-, and third-neighbor O—Quith structural transition at<ygp~0.1:(1)0=Xyep=0.1,
interactions, respectively, in the tetrahedral-like hydrogenwhere the tetrahedral-like structure of water dominates with
bonded network of watéf. On the other hand, the RDF for clustering of HFIP molecules an@) 0.15=xrp=1, where
pure HFIP has two distinct peaks at 1.4 and 2.3 A, assignethe intrinsic structure of HFIP is gradually enhanced, accom-
to the intramolecular interactions given in Table I. The thirdpanied by rupturing water structure with increasigp.
peak at 2.8 A consists of the intramolecular F—F interactions  Further detailed analysis of the structure of HFIP-water
within an HFIP molecule and possible O—O hydrogen bondsnixtures has to be waited until neutron diffraction measure-
between HFIP molecul€d.The broad peaks centered-ab  ment with isotopic substitution and subsequent EPSR simu-
and~10 A correspond to the first- and second-neighbor in{ation are made, which will give us a full set of partial struc-
termolecular interactions of HFIP, which are a weighted sunture factors and radial distribution functions of HFIP-water
of all atom pairs in HFIP-water mixtures. A similar long- mixtures.
range structure has been reported as peaks at 4.3, 5.0-8.8,
and 11 A in theg(r) of Cc—Cc interaction$Cc denotes the
central C atom in an HFIP molecuylérom the MD simula-
tion of pure HFIF Figure 4 shows the SANS intensities of the HFIRED
For the HFIP-water mixtures, the three characteristiomixtures after correction for the incoherent scattering. In or-
peaks at 2.8, 4.5, @n7 A due to the tetrahedral-like water der to estimate the concentration fluctuations in the
structure are clearly seen &fp=0.06 and 0.10 and less HFIP-D,0O mixtures, Ornstein—Zerniké plots were made
discernible atxyrp=0.15. In the region okyrp=0.2 the according to

B. Small-angle neutron scattering
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FIG. 4. Normalized SANS intensitie$(s), for the HFIP-BO mixtures at
various HFIP mole fractions¢gp -

s A%

FIG. 5. Ornstein—Zernike plots of the SANS data for the HFJ®Dmix-
tures at various HFIP mole fractions,zp. The circles show the experi-
mental values and the solid lines the fits.

I(s)"1=1(0) "Y1+ £52), ©6) C. °F and *3C chemical shifts
Figures Ta), 7(b), and 7c) show the'®F and*3C chemi-

where ¢ is the Debye correlation length. The correlation (13"’“ Sh'ftslé’f the Ck a{‘d CH groups, abbreviated as
lengths were obtained from a least-squares fitting proceduret -0crs, ~C-dcrs, and °C-dcn, respectively, with and
using Eq.(6). The results of the fits are shown in Fig. 5, without the cprrectlon fqr the magnetic susceptlblllty in
where the observed values are well reproduced by the fit¢]FIP-water mixtures against the HFIP mole fraction.

The finally optimized¢ values are given in Table II. Figure 6 The FScrs data, which would give us direct informa-
shows the correlation length againske. As is seen in Fig. t|o_n of the aggregation of HI_:IP m_olecules m_the mixtures,
6, the concentration fluctuations or clusterings in the HFIpShifts moderately to a lower-field with decreasing.p from
water mixtures have a maximum with a correlation length of! 10 ~0.08 and then does sharply xQgp=0, giving rise to
9.7 A atx,gp~0.06, which is in excellent agreement with @n inflection point ak,zp~0.08; the result suggests transi-
that of the previous SAXS dafd.The maximum concentra- tion of the coordination environment around the;@ffoups
tion fluctuations correspond to the largest microheterogenedt Xnrip~0.08. The low-field shift or increase iF-0crs
ities in the HFIP-water mixtures. Since in the present
HFIP-D,0O system the hydrophobic GEgroups have a good
contrast with the solvent f, the present results suggest
that with increasingygp Up to ~0.06 the hydrophobic GF

TABLE Il. The correlation lengthg as a function of HFIP mole fraction
Xpeip Obtained from the SANS measurements.

groups of HFIP molecules tend to aggregate, whereas the Xueip EA
polar OH groups form hydrogen bqnds with surrounding 0.0305 - 73011
D,O molecules, and that in the region ®Bf-p=0.06 the 0.0427 8.76:0.08
HFIP aggregates are gradually broken to develop the neat 0.0450 8.58:0.09
HFIP structure. 0.0710 9.66:0.07
It is interesting to note that a maximum in the concen- 0.0890 9.16:0.09
tration fluctuations of aqueous mixtures t&rt-butanol of g'igi ;2@8'83
similar bulkiness has been observed at a similar alcohol mole 0152 5370.10

fraction (0.107.%3

Downloaded 03 May 2005 to 137.28.189.145. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6138

FIG. 6. Correlation lengthg against the HFIP mole fractiom,gp, for the
HFIP-D,O mixtures. The solid line shows a polynomial least-square fit.
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FIG. 8. O chemical shifts,s, and rotational correlation times,g, of
water in the HFIP-water mixtures as a functionxgfe at 30 °C. Thet’0-6
values were referred to that of pure®l

corresponds to a decrease in the electron density of C—F

fluorine, i.e., the electrons on the F atoms transfer in part into

The 13C- 8¢5 values shift to a lower field with decreas-

the C—F bonds. This would be caused by dispersion forcgang Xuep, Showing the deshielding of C—F carbon; the result

induced among the hydrophobic £groups when they ag-

gregate.

FIG. 7. *F-NMR chemical shift of HFIP CF groups(a) and **C-NMR
chemical shifts of HFIP Cf~(b) and CH(c) groups as a function ofygp for
the HFIP-water mixtures at 30°C. The raw valu€s) and magnetic
susceptibility-corrected ond®).
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is consistent with the tendency 6fF-6cr3. An inflection
point has also been observed at a similar HFIP composition
as seen in°F-5.3. Here, it is interesting to compare the
present 13C-6cp; values with the*C-6qy; data of the
ethanol-water mixtures. ThEC-5¢,; data in ethanol-water
mixtures also shift to a lower field with decreasing alcohol
concentration, but the absolute values of the shift are much
larger for ethanol-water mixtures than for HFIP-water solu-
tions over the whole alcohol concentration rafi§@his dif-
ference can be ascribed to the large electronegativity of an F
atom as discussed in Refs. 20 and 21.

The 3C-6¢y, values show a higher field shift with de-
creasingxyrp. An inflection point appears atygp~0.08,
which is less pronounced than those for tE-8.r3 and
13C-6cp3 values.

The inflection points akygp~0.08 for the %F-dcps,
13C-6cr3, and 1°C-6¢ correspond well to the maximum
concentration fluctuations of HFIP clusters found in the
SANS study, but appear at a slightly lowegyg,p than that for
the LAXS data. The present NMR data confirm that the
structural transition of the solvent clusters occursxat,p
~0.08.

D. YO-NMR chemical shift and relaxation time

Figure 8 shows the!'’O chemical shift of water,
Y0-6450, as a function okyep. With an increase in HFIP
content the!’O-6,,¢ values decrease, showing an increase
in electron density of water oxygen. This result surely re-
flects the disruption of the hydrogen bonds of water mol-
ecules, i.e., the tetrahedral-like hydrogen-bonded water struc-
ture is gradually broken down, and the neat HFIP structure is
enhanced as previously discussed. Although ‘e 5cr3,
13C-8cps, andH- 6y values of HFIP all have an inflection
point atxygp~0.08 due to the structural transition, such an
inflection point was not observed in tHéO-6,,, values.
This is simply because in the water-rich region tH@-8,,0
values are dominated by a large amount of bulk water and
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the effect of the structure-sensitive water molecules aroun@ABLE Ill. ’O-NMR rotational correlation timeg,g, of H, O as a func-
HEIP clusters on thé’O-6 might be difficult to detect tion of HFIP mole fractiorxygp of the HFIP-water mixtures at 30 °@is

H20 . ", the molality of H, 2O in the respective solutions. Natural abundanc¥@f
The structural characteristics of water in the HFIP-waterg ;5004 mol kg

mixtures can be seen in the water-poor region as an inflection

point observed akyrp~0.7. The decreasing rate of the XFip m(*0)/mol kg™ * Tr/PS
17 . .

O-d4p0 Vvalues become; more moderate in the region of 0340 1440.02
Xpeip=~ 0.7, compared with that adrp<<0.7. It is known 0.0180 0.292 1.790.02
that addition of alcohol into water strengthens hydrogen  0.0605 0.213 2.260.03
bonding around the alcohol hydroxyl group as often found in ~ 0.106 0.368 2.620.03
molecular dynamics simulations of alcohol-water mixtufes. gégi 8'%2 2'38'83
This effect _tends to degrease the electron denS|ty_ of water (499 0.165 3.240.04
oxygen or increase th&’O-6,,0 values. In the region of 0.498 0.239 3.190.04
Xugp=~0.7 only a small amount of water remains and is 0.623 0.158 3.170.04
thus sensitive to this effect, resulting in the moderate de- g-ggg g'égis glég-gj

; 0. ; ; it . . .130.
crease in the'’O-5,,0 values. The inflection point in the 0.922 0.136 307004

170- 64,0 values might suggest another structural transition
at XHF|P~0'7'
The YO relaxation takes place mainly by the electric

guad(rjugole mteradc_non ;N't?.theh electric .{ﬂ?d gr?dlelnt P'O"found in the previous sections, and thus t@-QCC values
i uce yl%rrour; '”9 (ra]ec ”Ctﬁ arges W; tl'n mlo ec(;x ter? CO%yould be lowered with decreasing water content, though the
amning a nucleus; hence the spin-rotational and e -, 5 itative estimation of hydrogen bonds is difficult. In the

termolecular and intramolecular dipole—dipole contrlbutlonspresent study, thus,g values were also calculated by using

17, . . S
to the ‘O spin-lattice relaxation timeT(;) can be neglected. the 70-QCC (7.9MHz) and 7(0.75 values for water

17, ; ; ;
Thlj['.s ' Of;l;ll of v¥ater perVI?es _'P[I'%r)m_?t'on anut Ithte éofal vapor? as an extreme case of least hydrogen bonding and are
motion of the water molecules. -Tycanberelatedto . 4ad in Fig. 8(dashed ling

the rotational correlation timer,gz, as expressed by EG?7)
under an extreme narrowing conditiom f,r<1:w is the
resonance frequenyy

Apparently, ther,g values increase sharply with increas-
ing HFIP concentration in the water-rich regioxyfp
=0.1), then more slowly in the regior 0.1<Xyrp=<0.3
o) o 5 and finally become almost constantaigp=0.3. As seen
+7;_>(e Qq) - 7 from the dashed line for the least hydrogen bonding, the

3 h R effect of thel’O QCC values onr,g amounts to around a

quarter of the increment in,g. Thus, the characteristic fea-

Here,e?Qq/h is the quadrupole coupling constd@CC), »  ture in 7,5 does show a change in the dynamic properties of
is an asymmetric parameter, ahig the nuclear spin moment water molecules in HFIP-water molecules with HFIP mole
(=5/2 for Y'0). 7,5 is a time-averaged value of the time fraction. It should be noted that theg values in the HFIP-
correlation function of the second-order orientation of thewater mixtures are larger than those in bulk water over the
principle axis of the electric field gradient 3fO, which  whole HFIP concentrations, i.e., the rotational motion of wa-
corresponds to the direction of water dipole, and thus reflectier molecules is retarded when HFIP is added into water. The
the rotational motion of an $O molecule. sharp increase img in the range of 8xyrp=<0.1 will be

Figure 8 shows thé’O-r,5 values of water molecule due to the formation of the hydration shell around the HFIP
obtained by using the QC@®B.9 MHz) and (0.72 values for  hydroxyl group. Almost constant,g values in the region of
Y0 in pure watet for the HFIP-water mixtures against the x.p=0.3 might be interpreted in such a way that the hydro-
HFIP concentration; the numerical values are given in Tablgen bonds between water molecules are replaced with water-
1. Here, it should be borne in mind that tA8-QCC andy  HFIP hydrogen bonds. This behavior g in the alcohol-
values might depend on the compositions of HFIP-waterich region of the HFIP-water mixtures is in marked contrast
mixtures. To our knowledge, however, neither QCC mor with that for dioxane-water mixturés.In aqueous mixtures
values for HFIP-water mixtures are available in the litera-of dioxane the rotation of water molecules is accelerated in a
ture. For aliphatic alcohol-water mixtures of 10 mol % alco-dioxane-rich region because the water—water hydrogen
hols, the QCC values dfO were estimated from th#d and  bonds are disrupted by aprotic dioxane molecules to generate
1’0 relaxation time measurements as 7.39, 7.04, and 6.6#ore monomeric water molecul&s.

MHz for methanol, ethanol, and 1-propanol, respectif@ly. It should be commented that a similar inflection point
Bagnoet al. reported from theirab initio molecular orbital has been found at,gp~0.2 in the rotational correlation
calculations on a number of organic solvents including ali-time, 7., of *C(CF;) in an NMR study of HFIP-water
phatic alcohols that the QCC values do not changemixtures?’ From the present and the literattire@esults the
appreciably?® Therefore, the differedfO-QCC values found inflection point in the dynamic properties appear at a slightly
for the aqueous 10 mol % alcohol solutions probably origi-higher HFIP concentrations than that for the SANS measure-
nate from the degree of hydrogen bonding of water mol-ments.

ecules. In the present HFIP-water mixtures, the hydrogen To investigate the nature of the hydration shell of HFIP
bonds of water molecules upon addition of HFIP lessen ai water, the NMRB coefficient! was calculated. In the very

1 37% 21+3

T, 10 12(21-1)
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- . FIG. 10. Typical mass spectrum of the clusters isolated from liquid droplets
1.1k | of the HFIP-water mixture aigp=0.005. AW, and W, stand for
’ H*(HFIP),(H,0), and H(H,0),, respectively. Hydration sequences of
(<] ] HFIP mrmer hydrates and watermer clusters are shown with broken and
1 N R dotted lines.
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FIG. 9. RatiosTY/T, of O spin-lattice relaxation times in bulk and in the E. Mass spectrometry
HFIP-water inlxtures as aofunctlon of HFIP molality and mole fraction, The ionization of HFIP-water binary clusters can be de-
Xuep, at 10 °C(O) and 30 °C(@). . . . .
scribed as dissociation processes producing free \ateor
free HFIP(A) and an OH radical:

dilute concentration range of aqueous HFIP solutions in A W,+e —H"A W, +OH+(n—n'—1)W+2e"
which the HFIP-HFIP interaction is negligible, a ratio of

Y70-T, in bulk water and in HFIP-water mixture§3/T,,  ©F
can be expressed as a function of molafityof HFIP as —H*AyW,+OH+(m—m’'—1)A+2e"
0
5 iBm ® W, +e~—H*W,, +OH+(n—n’—1)W+2e".

T
! Hereafter, binary ions of HFIRvmer hydratesd " AW, are

When water molecules are strongly bound to a solute, suchpbreviated asA.,W,, while protonated water clusters
as for ionic hydration, the rotation of water molecules isH*w, asW,,.
hindered to make theB coefficient less temperature- Figure 10 shows a typ|ca| mass spectrum of the HFIP-
dependent. On the other hand, when the hydrogen-bondegater mixture atx,rp=0.005. Hydration sequences of the
network is strengthened, e.g., by lowering the temperaturea \, and W, are shown with broken and dotted lines. It
the B coefficient increases at the lower temperatures. Figurehould be noted that a previous study on ethanol-water mix-
9 shows the concentration dependence ofifid; ratios of  tures demonstrated that spectral patterns do not change on
the HFIP concentrations below 1 mol/kgp=0.02). The  varying the electron impact energies from 20 to 40 eV. In
linearity betweerT9/T, andm was obtained within experi- Fig. 10 are plotted clusters whose mass numbers fall in the
mental errors. The8 coefficients of HFIP at 10 and 30°C range of 200 to 1000, since those with the mass number less
obtained from the slope are given as a function of HFIFthan 200 are small clusters, such as monomer, dimer, and
molality in Table IV. TheB coefficients at 10 and 30 °C are trimer, whereas large clusters with the mass number greater
both positive and decrease with increasing temperature. Thigan 1000 are formed less often.
finding suggests enhancement of the water structure in the Figure 11 shows the distribution of th&,W, and W,
hydration shell around HFIP, which is consistent with thefound as a function of the number of water molecules in
LAXS, SANS, and MD results. them at the varioug,gp. As seen in Fig. 11, the hydration
numbers of the clusters decrease with increagigge, par-
ticularly at concentrations higher thaqrp=0.09. At the

17, 17, H H . . .
TABLE IV. "'O-T, values of 7O in the HFIP-water mixtures as a func-  higher concentrations the average hydration numbers were

tion of HFIP molality and mole fractioxygp, and theB coefficients of

HEIP at 10 and 30 °C. less than 6 fom=1 to 3, while those akygp=0.005 and
0.01 were 10 fom=1 and 16 form=4. Apparently, the
T,i/ms hydration structure is highly disrupted at the high concentra-
m (mol kg ) X 10°C 30°C ti_o_ns. Another striking feature in the spectra is that the inten-
sities of the HFIP monomer hydrates are much larger than
0 0 4.1820.05  7.62:0.08 those of the oligomer hydrates &fp=0.09 and 0.2. The
0.197 0.003 94 4.,080.06 7.14-0.15 . : )
0.391 0.007 82 3.760.04 6.88-0.10 9I|gomer hydrates thh‘n=2, 3, and 4 appear to be stabi-
0.607 0.0121 3.480.03 6.63-0.05 lized only when sufficient numbers of water molecules are
0.778 0.0156 3.290.04 6.34-0.05 available to hydrate HFIP molecules. This result implies that
1.02 0.0204 3.0%0.06 6.06-0.10 clustering of HFIP molecules is preferred in a water-rich re-
B (kg™ * mol) 0.34-0.02 0.26-0.01 gion as found in the present LAXS, SANS, and NMR mea-
surements.
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Intensity /a.u.

FIG. 11. Distributions of water clusterswW,) and
HFIP-water clustersA,,W,) vs number of water mol-
ecules(n) in them obtained from the mass spectra for
the HFIP-water liquid droplets at various HFIP mole
fractions,Xygp -

Intensity /a.u.

5

Number of water molecules (n)

The present mass spectral result on the formation of oliare consistent with the clustering in HFIP molecules in a
gomers of the HFIP-water mixtures is in marked contrastwater-rich region of bulk HFIP-water mixtures.
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