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We investigated the effects of NaF, NaCl, NaBr, and Nal on the molecular organizatio®diy-a calorimetric
methodology developed by us earlier. We use the third derivative quantiti@speftaining to 1-propanol

(1P) in ternary 1P-a salt-H,O as a probe to elucidate the effects of a salt g® HNe found that NaF and

NaCl worked as hydration centers. The hydration numbers were 29%or NaF and 7.5+ 0.6 for NaCl.
Furthermore, the bulk D away from the hydration shell was found unaffected by the presenceofNa

and CI. For NaBr and Nal, in addition to the hydration to N&r~ and I acted like a hydrophilic moiety

such as urea. Namely, they formed a hydrogen bond to the existi@getwork and retarded the fluctuation
nature of HO. These findings were discussed with respect to the Hofmeister ranking. We suggested that
more chaotropic anions Brand I are characterized as hydrophiles, whereas kosmotropead-Cl, are
hydration centers.

Introduction by the K-edge X-ray absorption spectroscopy of aqueous NacCl,
NaBr and Nal demonstrated that these ions perturb the electronic
structure of adjacent # molecules, and the magnitude of this
effect followed the trend1~ Br~ > CI~.11 The femtosecond

The Hofmeister series ranks the relative influence of anions
and cations on the properties and functions of biopolyrtets.
It also applies to ion effects on a wide range of other processes . .
in agueous environments, particularly so within colloid sciences. pump—_probe IR stud|e§ Sho‘f’?d that. the dynamics of the
The generality of this ion ranking has sparked a massive interesthydramOn shell of Ct, Br 2 Of I” In H0 Is .much slolvsver than
in the possible underlying mechanism. However, the molecular that of t_he bulk H.O outside of the hydratlon shéf* hence .
level understanding of the Hofmeister effect is still fragmentary. supporting the existence of the hydration shell. The hy(iratlon
The recent interest is spearheaded by its relevance in biotech-Shell of CI" was suggested to be smaller than that ofBrI :
nology. Thus, the physical instability, which is inherent to most It also_ suggest_ed that the dynamics of bullCHoutside the
biotechnological products, is alleviated by the addition of the Nydration shellis not affected at all by the presence of not only

i 2,13 — — 14
so-called excipients chosen according to their positions in the halld_eé d buL alg,thQZ and .Cl(ﬁ‘ : ;I'he_ latter t'\:\_/o 2are
Hofmeister series. Also, problems associated with precipitation positioned at the both extremes in the Hofmeister ranking"SO

during fermentation or purification is addressed by the modi- near_to the kosmotropic (S?"“”g"’.m' structure making) _and
fication of the solvent based on Hofmeister arguméfits. CIO“l ear to the chaotropic (salting-in, structure breaking)
Basic studies on Hofmeister mechanisms are dominated byends.’
investigations of binary aqueous solutions of the respective salts. After all, the Hofmeister effect manifests itself in the presence
This approach has provided important advances through analysif a third component; biopolymers, colloids etc. Hence it appears
of various factors including surface tension increment, lyotropic fruitful to investigate simple ternary systems containing the
number, viscosity-coefficient, etd—3 However, not all of these  target salts and probe the effects of the salt on the molecular
physical properties of binary aqueous salts carry the hallmark organization of HO in the presence of a third component. To
of the Hofmeister effect. In particular, information obtained by this end, we have initiated experiments on ternary systems using
modern experimental techniques is not converging. For example,the third component 1-propanol and use its thermodynamic
a classical Raman study showed that the intensities of both thebehavior as a prob€:!" 1-Propanol (abbreviated as 1P) is
bending and stretching vibrations increase in the orderofF ~ convenient in that its effect on & has been extensively
CI~ < Br~ < |-, hinting that the strength of hydrogen bonding studied}®°and it has a balance of polar to nonpolar surface
between the halide ion and,8 weakens in this ordérOnthe ~ area that is comparable to that of many biomolectfle&. The
other hand, recent dielectric relaxation studies revealed that theresults of the first paper in the seftésuggested that CIO
effects of halide ions together with NQ CIO,~, and SCN and SCN from the chaotropic end of the series form hydrogen
on H,O dynamics were surprisingly similar and the connection bonds to HO and reduce the degree of fluctuation in the
to the Hofmeister series is not apparénf Another recent study ~ hydrogen bond network of 40, as a typical hydrophile such
as urea&? Conversely, a kosmotropic ion, 30, was shown to
* Corresponding author. Phone: (604) 822-3491. E-mail: koga@ be hydrated by about 16 molecules ofCHand to promote the

Ch?n}%gjsbkcil'gglumversit entropy-volume cross fluctuations in the system. Though these
* Chiba University. v findings are not inconsistent with some of the earlier conjectures
8 The University of British Columbia. on the Hofmeister mechanistmpther anions such as acetate
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Figure 1. Excess partial molar enthalpy of 1-propanol (:IJR§,,, against the mole fraction of 1R;p, in 1P—Na halide-H,O at 25°C: (a) NaF;
(b) NaCl; (c) NaBr; (d) Nal. The initial mole fraction of aqueous Na halide to which 1P is successively titrated is shown within each panel.

showed a qualitatively different (structure-making) behavior due the present case, that is perturbed, and thus we can isolate the
likely to the methyl group. Thus, to further investigate the enthalpic situation of 1P among all the other components. We
potential of the methodology, we apply the same methodology measure this quantity accurately with 4 significant figures and
to homologous halide ions, FCI~, Br~ and I, which span in small increments in the mole fraction of DRp. Hence it is

the series from strongly kosmotropic (o strongly chaotropic possible to take one more derivative with respectnie

(I7) effects, and seek more direct relationship to the acceptedgraphically without resorting to any fitting function. We thus

Hofmeister ranking:? obtain purely experimentally, without resorting to any fitting
function, what we call the 1P1P enthalpic interaction,
Methodology HE, . defined as
Our methodology has been described eatfié?:2%25 Briefly,

we experimentally determine the excess partial molar enthalpy . dHE, aHS,

of 1P, HE, in ternary 1P-a salt-H,O, by perturbing the Hipip= N5 —| = (1 = Xip)| 5 — )

amount of 1Pn;p, keeping all the other variables constant. 1P P

Namely, Lo "

y Because eq 2 shows the effect of an infinitesimal addition of
e [oHE L 1P onH%, HE. .o is naturally interpreted as the enthalpic
wP= g, 1) measure of the 1P1P interaction. Here again, we perturb only
E

the amount of 1P, and thus;, ,, pertains strictly to 1P

which signifies the actual enthalpic contribution of 1P toward regardless of the presence of the salt. The effect of salt could
the entire system, or the actual enthalpic situation of 1P in the appear in the resulting value &f7,_, or its x;-dependence,
mixture. We stress that it is only the target component, 1P for which will be used as a probe to elucidate the effect of the
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Figure 2. Enthalpic interaction between 1-propanol (1pr_19 against the mole fraction of 1R;p, in 1P—Na halide-H,0 at 25°C: (a) NaF;
(b) NaCl; (c) NaBr; (d) Nal. The initial mole fraction of Na halide of the mixed aqueous solvent is indicated in each panel. For (b) NaCl, the data
from the earlier workwere included, shown by hollow symbols. For clarity only a few straight lines determining point X are shown in each panel.

chosen salt. Becausé® in eq 1 contains a first derivative of It thus reflects how the peculiarity of @ is modified as the
G, H, has a second andf,_;, a third derivative ofG. concentration of 1P increases. We showed that xpe
We earlier devised the normalized entrepyolume cross dependence pattern ¢i5, ,, matches exactly with that of

fluctuation,SVA, using thermal expansivity, which is asecond  SVA;p on scaling the ordinat®. Hence we concluded that the

derivative ofG, and molar volumg&® Namely, 1P—1P enthalpic interaction and that the effect of 1P on the
sv cross fluctuation share the same cause and the interaction
A = RTo/Vy, (3 between 1P molecules is mediated via the bulOHThus, the

x1p dependence OHEFHP as well as that ofVA;p represents
the state of partially modified $D.

Using these quantities, we found that the-HRBO system is

whereV,, is the molar volumeSVYA contains information about
the peculiarity of liquid HO. Unlike normal liquids, in which
fluctuation with volume increase is consistently associated with ) 1
entropy increase, ¥ molecules fluctuate in part with the not a .S|mple mixture. Generally, for aqueous nonelectrolytes
volume increase associated with entropy decrease due tgncluding 1P-H:O, we.f'ound5’16vl&26 that there are three
hydrogen bond formation. Thus the behaviorS¥A reflects distinctively _d_lfferent mixing scheme_s operating depending on
the well-known peculiarity of K. We then define and evaluate the composition. We call them mixing schemes |, Il and Il
graphically the partial molar normalized fluctuation of 1P as from the HO-rich side. In mixing scheme I in the;B-rich

region, HO protects its “integrity” (i.e., the hydrogen bond

SVAlPE (1- le)(aSVA/ale) (4) network is retained) against the invading solute. The manner

in which H,O does this depends on the characteristics of the
This quantity, a third derivative oB, shows the effect of 1P solute. A more hydrophobic solute such as 1P enhances the
on the entropy-volume cross fluctuation in aqueous solution. hydrogen bond network of # in its immediate vicinity-
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classically referred to as iceberg formatiglout the hydrogen
bond probability of bulk HO away from the “icebergs” is
reduced:819-27 However, the long-range hydrogen bond con-
nectivity is still intact though in a lesser degree. As the
composition of solute increases and the bulk hydrogen bond
probability decreases to a threshold value, the hydrogen bond
percolation and thus the “integrity” of @ is lost. Thereupon
mixing scheme Il pertinent to the intermediate composition W
region sets in. The solution then consists of two kinds of clusters,
one rich in HBO and the other in solute. The process of reaching
this crossover point is depicted by the increaseHip__p,
among other third derivative quantities, as will become evident
in Figure 2 above. Point X in the figure, as will be explained
below, marks the onset of the transition of mixing scheme.
We stress that in mixing scheme 1 the sotsgelute
interaction is bulk HO mediated>161827 |t is the somewhat
modified but still hydrogen-bond percolated®ithat dictates
the solute-solute interaction. This is true between different
solute molecules for multicomponent aqueous solufftftas
well as the same solutes. These findings contribute to the basis Xip

of the present methodology. Namely, the changes induced in Figure 3. Schematic presentation of tHe, . pattemn changes

the pattern oHZ, 1 vs xap 0N addition of a salt reflect what jnduced by the presence of various types of a third componentn 1P
the added salt does to,@, and are used as a probe to elucidate third componentH,0, we have studied so far. Key: [0], for a binary
its effects on HO, as long as the system remains within mixing 1P—H,0; [A], the third component is equally hydrophobic as the
scheme 1. probing 1P; [B], the third component is more hydrophobic than 1P;
[C], the third component is a hydration center; [D], the third component
is hydrophilic.

Hipp

Experimental Section

For the calorimetric measurements, NaF90%, Merck, arrows in the figure indicate phase separation. Figure 1a suggests
Darmstadt, Germany), NaC+09.5%, Sigma, St. Louis, MO),  that the effect of NaF is qualitatively similar to that by NacCl,
NaBr (>99%, BHD, Poole, UK), Nal ¥99.5%, Merck) and Figure 1b, which is a complete replica of our earlier stétly.
1-propanol ¢99.8%, Fluka, Buchs, Switzerland) were used as On the other hand, the effects of NaBr and Nal, Figure 1c,d,
supplied. Due care was exercised not to contaminate theseare qualitatively different from the above two. Nal, in particular,
chemicals with moisture. Stock agueous solutions of salts werealters thexp dependence dfif, in the same manner as urea, a
made with fresh MilliQ water (Millipore, Bedford, MA) typically hydrophilic solute that was argued to form hydrogen
immediately after breaking the seals. The stock solutions were bonds directly with the KD network and retard the degree of
gravimetrically diluted as required. For Nal, the measurements fluctuation inherent in liquid KO3 The x;p dependence on
were carried out in a dry nitrogen atmosphere so thavas HZ, is more conspicuous in the next derivativy, ;p, eq 2.
not oxidized during the experiments. The lack of oxidation at As described in detail in the previous papewe drew smooth
the end of measurement was checked by colorimetry after curves through all the data points by aid of a flexible ruler. We
extracting possible oxidation product, Into chloroform. For then read the value dﬂfp off the drawn curve at the interval
the determination of the three-component phase boundary,of 0.04 in x;p. The derivative of eq 2 is approximated as
chemicals were treated in the same manner as above, excepsHE/ox;p with dx;p = 0.08. This approximation was earlier
they were all Wako, Special Grade and quoted purities are NaFshown to be acceptabté.The results are shown in Figure 2.
(99.0%), NaCl (99.5%), NaBr (99.5%), Nal (99.5%), and 1P The maxima in the figure correspond to the inflection points in
(99.5%). Figure 1 that represent the onset of the transition from mixing

The excess partial molar enthalpy of JJFP'IEP, was deter- scheme | to IE819Due to an inevitable uncertainty ef10 kJ
mined by using a TAM-2277 titration calorimeter (Thermo- mol™! introduced through the graphical differentiation, we
metric, Jafalla, Sweden). Six hundred microliters of water or determined the maximum oﬂfp_lp in the following manner.
salt solution was quantified by weight & 1 mLstainless steel  We linearly extended both sides of a peak and take point X,
cell and mounted on a type 2250 calorimeter (Thermometric). the intersectionl as the maximum HEP—lP! as shown in
The solution was subsequently titrated with 4,17 aliquots Figure 2. For NaF, NaCl, and NaBr, the series that prematurely
of 1P delivered by a Lund Pump (Thermometric) with a 500 ended at the respective phase separation points are omitted from
uL glass syringe. The experimental temperature was 2500 Figyre 2. For Nal, the case fef,,, = 0.09086 does not display
0.01°C. The ratio of titrant over titrate was shown sufficiently 5 inflection point in Figure 1d and was not included in Figure
small so that the result could be approximatedgs?® The 2d, because at this high Nal composition the system is already
uncertainty is estimated a$0.003 kJ mot!. The phase out of mixing scheme 1.
separation boundary of Halt-H,O was determined within
0.1% by the method developed by us recefftijhe temperature Discussion

of the observation cell was controlled at 25:00.1 °C. _ £
Effects of a Third Component on theH7,_,, Pattern. The

effect of the added salt on the changes of g , pattern is

the key information used in elucidating the effect of the salt on
Figure 1 shows the results of the excess partial molar enthalpyH,O. To facilitate comparisons, we briefly review how various

of 1P, HEP, in the respective ternary aqueous solutions. The types of the chosen third component modifiesxtiedependence

Results
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Figure 4. Mixing scheme and phase boundaries for ternary 1-propanoH4&halide-H,0 at 25°C: (a) NaF; (b) NaCl; (c) NaBr; (d) Nal. Key:
I, region for mixing scheme |I; 11, region for mixing scheme II; S, region for solid phase; L, region for liquid phase. For (d) Nal, no phase separation
was observed even fof,, = 0.09956 and up teyr = 0.1780.

pattern ofH:, ;- that we have studied so far. Figure 3 is a 1P) is higher than for case [A]. Thus, point X ends up with a
schematic representation. In this figure, the dotted line (marked higher value oH,_,»and a smaller value ofip. The fact that

[0]) representHs, _,, for binary aqueous 1P. Characteristic the slopes of both sides of the peak remain almost the same as
changes in the interaction function for different categories of for [0] confirms that the 1P1P interaction is KO-mediated.
solutes are illustrated by the four other curves, [A], [B], [C] We note that SG~ was of this type® Case [C] was found for
and [D]. Thus, case [A] represents the effect of 2-propanol the effect of NaCP® Because the value afjp at point X
(2P)3132which is almost equally hydrophobic as the probing decreases proportionally to the initial mole fraction of NaCl,
1P 181833Because the existing 2P has already modifie® ki Xacy We concluded that a number of,@ molecules are

a manner similar to that for 1P and in proportion to its hydrated with Na and CI ions and make them unavailable to
concentration, 1P then further modifies®ifor the rest of way 1P to interact. That such a hydration shell exists and the hydrated
to point X. Hence therFLlp pattern of case [0] shifts parallel H,O stays in the shell was supported by the femtosecond pump
to left, toward a smaller value ofip. Thus, the value ok;p at spectroscopy

point X decreases, the value Hf, ;5 at point X remains the  studies?~14 The fact that the value of the5, ;. atx;p= 0 as
same, and the value &f;, ., atx;p = O increases. The effect ~ well as that at point X remains the same suggests that the bulk
of acetate was of this type, indicating phenomenologically that H,O away from the hydration shell remains unaffected, which
acetate is equally hydrophobic as 1P, as shown in the previouscorroborates the findings for Na&lA first principle simulation
paper® Case [B] was observed foert-butyl alcohol (TBA)3? study indicated that a Naion hydrates 5.2 molecules of,8
which is more hydrophobic than P1933Hence, the existing  and leaves the bulk # away from the hydration shell
TBA modifies HO more strongly than 2P, so that the iceberg- unperturbed? If we assume the hydration of Naand that of
clad 1P interaction with another iceberg-clad solute (TBA or CI~ are independent, it follows then that a Gbn is hydrated
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TABLE 1: HY, ,, Pattern Changes Induced by Addition of
a Third Component in 1-Propanol (1P)-Third 250
Component-H,O System

HE o at point X third comp.

case atxip=0  Xp H5o 1p examples ref 200

[A] increase decrease constant 2-propanol 31,32
[B] increase decrease increasdert-butyl alcohol 32
[C] constant decrease constant NaCl 20

150
[D] decrease constant decrease urea 30

by two molecules of KO without affecting HO outside the
hydration shell. There are a number of estimates for the
hydration numbers of ions in the literatuie38 The individual
definitions for the hydration number are not identical on the
basis of a different method with different assumptions. It is not
immediately obvious that one method is superior to the others.
Here we use the hydration number determined by the present
methodology for comparative purposes. As shown below, we ' ' ' ‘
recover the hydration number for Naensuring the self- 0.00 0.02 0.04 0.06 0.08 040
consistency of the present method. Case [D] shows the results x 0
of a typical hydrophilic solute such as uréDur interpretation salt
is that urea forms hydrogen bonds directly to the existing Figure 5. Loci of point X in terms OfoFLu: against the initial mole
hydrogen bond network of 40 and consequently retards the fraction of Na halide, and other Na salts from papér I.
degree of fluctuation inherent in liquid2® but does not change ) . . )
the hydrogen bond connectivity nature. This suggestion is Relation to the Hofmeister Series-Conclusion
consistent with the conclusion of a simulation study that urea  \We limit our attention to the halide ions studied here and to
leads to stiffening of the short-time dynamics of both urea and their relationship to the Hofmeister effect. The more general
H,0.3° The effects of CIQ~ and CNS, typical chaotropes in  discussion including other anions as well as cations will be
the Hofmeister series? are of this type® The behavior of the  forthcoming. The Hofmeister ranking for the halides is more
locus of point X and the intercept &tp = 0 are summarized in  or less established as, from the kosmotropic (salting-out,
Table 1 for each case. structure-making, stabilizing) to the chaotropic (salting-in,
Hydration Number. In comparison with Figure 3, Figure  structure-breaking, destabilizing) ehd,
2a shows that NaF belongs to case [C] together with NaCl,
Figure 2b. Namely, the value daffp_lp at point X remains the F>Cl>Br >1" (5)
same within the estimated uncertainty, whereas thak;pf
decreases on addition of the salt. The loci of point X, the onset As mentioned above, the hydration numbers are 13 foarfd
of transition to mixing scheme Il, are shown in relation to the 2 for CI-, which is in accordance with the ranking (5). Namely,
respective phase diagrams in Figure 4a,b. The mixing schemer- makes more KD molecules unavailable by hydration and
boundary seems to form a straight line, the slope of which is hence has a stronger tendency for salting out proteins. The
related to the hydration number, if the mechanism discussedhydrogen bonding of F toward HO is known to be the
above is correct. In other words, thd,, intercept of the strongest of halides from Raman stulddlence F could form
boundary gives the putative value of salt at which all tB#®H  a tight hydration shell with many #D molecules, whereas Cl
molecules are hydrated and are made unavailable for 1P toforms a very modest hydration shell. Band I, on the other
interact. Accordingly, the hydration number of NaF is estimated hand, form a weaker hydrogen bond te@¥f such that the
as 17.5-20.5. Or with that of N& assumed to be 52,the inherent hydrogen bond network of,8 is not disrupted, or
hydration number of Fbecomes about 13 2. The hydration rather Br and I~ connect onto the existing hydrogen bond
number for NaCl is 7.5t 0.6 from the present measurements, network of HO. By so doing, they retard the characteristic
the same as the previous evaluatfdin passing, we suggested  fluctuation of HO by breaking H donor/acceptor symmetry, as
the hydration number of S& is 16 in the previous papéf, urea3® The degree of such an effect can be monitored by the
by the same methodology. decrease in the value ¢S, ,, or equivalently that ofVA;p.

Br~and I, on the other hand, show effects similar to those Figyre 5 shows the plots of the value if. ;. at point X as
for case [D]. The effect of the countercationNa that of case  each salts are added. As is evident from the figure, this

[C], as discussed above, which may be responsible for point X «hydrophilic” effect is in the same order as ranking (5). Thus,
to move to the left in Figure 2c,d. The loci of point X in terms e suggest within the halide ions that the kosmotropes are acting
of x;p as NaBr and Nal are added are shown in Figure 4c,d. a5 hydration centers, much more so forif comparison with
Both mixing scheme boundaries may be regarded as straightc|- "The chaotropes, on the other hand, act as fluctuation
lines, whose slopes (or the,, intercept) give 5.3 and 5.6  retarders, and its effect is stronger forthan for Br. How the
hydration numbers, respectively, for NaBr and Nal. The match characteristics of the chaotropes, salting-in or destabilizing
of these numbers to the theoretical estimate,*6@r Na* propensities, come about from retardation of fluctuation nature
provides the self-consistency of the present method of estimatingjs yet to be elucidated.

the hydration number. We conclude therefore that what is  We stress that the present methodology is limited to what
observed in Figure 4c,d is the sum of the two effects: one by the moderately hydrophobic probe, 1P, can detect. Although
Na*, which shifts point X to the left without changing the value 1P has a balance of hydrophobic and hydrophilic surfaces
of Hp 1 and the other by Brand I, which reduce the value  roughly similar to those of most biomoleculés#2 there must

of HEFHP be hydrophobic or hydrophilic specific effects that dictates the

at point X / kJ mol ™
<4

NaF v Error
NaCl I

NaBr v
Nal

NaCl ref(20)

100

E
Hip.p
O 4« Pmeo
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overall behavior of biopolymers in aqueous solutions. Thus we

Westh et al.

(16) Koga, Y.; Westh, P.; Davies, J. V.; Miki, K.; Nishikawa, K.;

need similar information probed by a more hydrophobic or a Katayanagi, HJ. Phys. Chem. 2004 108 8533. This is the first in the

more hydrophilic solute than the present 1P.
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