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We have described hydration of ions of different kinds on the basis of infrared spectroscopy and HDO as a
probe. Electrolytes with amphiphilic anion have been studied in aqueous solutions ofLHU§( ).,
NaGHsSO,, KCHsSO, NaGHsSO;, KCyHsSOs;, NaCHSO,, NaCHSO; LICF;COO, NaCRCOO,
KCF;COO, and NaC§sO; by means of FTIR spectra of HDO isotopically diluted with@4 A procedure

has been applied that allowed us to remove the contribution of bulk water and thus to separate the spectra of
ion-affected HDO. The results and the known literature data treated in the described way were discussed.
lons of different character have been taken into consideration: mono-, di-, and trivalent, including hydrophobic
and amphiphilic ones. Anions and cations appear to have a very different effect on water structure when their
polarization power is considered. The energy of affected water H-bonds changes proportionally to the
polarization power of anions. On the contrary, cations reveal the zone-type influence. The origin of such
hydration behavior and the consequences have been discussed.

1. Introduction additional assumptions. The analysis can be performed for
spectra of solutions for the which water/electrolyte molar ratio
exceeds 200; it is much less than usually used in diffraction
methods.

Until now a relatively large number of ionic hydration spectral

The problem of ion hydration is fundamental to solution
chemistry. The theoretical computer simulations in this area need
explicit experimental data for comparison of results. The

recognition of the hydration process is vital for technology, ) ; . .
biochemistry, biology and medicine. data has been obtained using the discussed method of analysis.

Numerous efforts have been made to rationalize a huge Most of them arise from Prof. Lindgren’s research group of

assembly of experimental data on ion hydration accumulated the Institute of Chemistry in Up_psala_ University. A substantial
over many years® They resulted in several intuitive models ~Part of the data has been obtained in our laboratory. _
of ionic hydration; especially that of Frank and Wéras been The determined spectral hydration characteristics deals with
highly regarded by solution chemists. This model still provides different kinds of ions: mono-, di-, and trivalent, including
conceptual guides in interpreting experimental observations the hydrophobic and amphiphilic ones. Data for the last group of
more so as the knowledge of ionic hydration is unsatisfactory ions are limited only to the trifluoroacetate (€F00)* and
on the molecular level. Even highly appreciated direct experi- triflate (CFSO;)?4#2 anions. The authors of the cited works
mental techniques, like NMR spectroscopy and diffraction have stated that water molecules in the vicinity of thg @®Bups
methods, provide scarce and ambiguous data because ofre spectroscopically undistinguishable from bulk water. This
interpretative problems (for reviews, see refsid). Especially, conclusion does not correspond with our recent results of
the influence of ions on water structure is poorly understood. SPectral hydration studies performed for hydrophobic 3#fs

A well suited method for investigation of solute hydration is @nd requires an additional explanation. As hydration of am-
vibrational spectroscopy?.Spectra of isotopically diluted HDO ph|ph|l|c mole(_:ules is of great Importance for biochemistry,
in H,0 enable us to avoid the number of experimental and colloidal chemlstry and su_rfa_ce science, we have now extended
interpretative problems connected with®ispectra The OH/ the results to give a new insight into this group of ions. It was
OD water vibrations appear to be the most sensitive and ideally &lS0 tempting to make a comparison with all available spectral
suited probe of ionic hydration. To get information about the data on ionic hydration to draw some general conclusions in
interactions inside the hydration sphere, the contribution of bulk this important area. Some corresponding preliminary observa-
water should be eliminated from the solution spectrum to obtain tions we have discussed in ref 25.
the solute-affected water spectrum. The corresponding method In this paper we have presented the data in such a way as to
of spectral data analysis originates from Kristiansson, Eriksson, show the influence of ions of different character on water struc-
and Lindgren work$415 The quantitative versions of this ture in a uniform fashion. The determined energetic state of
method can be found in refs 16 and 17. water molecules surrounding individual ions is hardly obtainable

The band position and the band shape of HDO affected by a from any other experimental method, without additional assump-
solute give a measure of water H-bond energy distribution within tions. The key for the data interpretation seems to be the coop-
the solute surrounding. This is based on the experimental erativity of water hydrogen bonds, already well recognéfeef
Badger-Bauer rulé? valid in most case¥ which states that The arrangement of the data presented reveals well-marked
the band position of water stretching vibrations changes difference in influencing the surrounding water H-bonds by
proportionally to the energy of hydrogen bonds. In the majority cations and anions. Among others, the detected difference can
of instances, spectral hydration effects for the electrolyte solution explain the more negative enthalpy of hydration of anions with
can be resolved into anionic and cationic contributions, without respect to cations of comparable size, observed a long time ago.
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The band model of cation hydration, which results immediately
from the experimental spectroscopic data, can verify and 504 ) C,H.SO,-

. . . . .. 25 4
quantitatively specify the model of hydration shells arising from ]

Frank and Wen. 404
2. Experimental Section 30+

2.1. Chemicals and SolutionsD,0 (99.84% deuterium) was 20+
produced by Institute of Nuclear Investigation,®Hused for 1
measurements was twice distilled. Lithium trifluoroacetate, 10
CRCOOLi (Aldrich, more than 98% pure), and sodium meth- :
ylsulfonate, CHSOs;Na (Aldrich, more than 98% pure), were 0+
used without further purification. Sodium methyl sulfate, T T T T T
CH3;SOiNa (Merck, for synthesis), was recrystallized twice from 1 ® ~
water. Sodium and potassium trifluoroacetates;CPFONa and e 604 ! A\ )
CRCOOK, were obtained and purified as described in ref v_g \\ CF,CO0
29. Sodium ethyl sulfate, £1sSQuNa, potassium ethyl sulfate, & y
CoHsSOK, magnesium ethyl sulfate, (BsSOy),Mg, and ng 01 Y Lt
sodium ethylsulfonate, f£lsSO;Na, were obtained by the e w’ \\
method of Evans and Alberts#tdescribed in ref 31. Concen-  7» g Yo7y
trations of sodium and potassium salt stock solutions were 201 LIL,, ,’}"- ")
determined gravimetrically as the respective sulfatésThe Q y SN
concentration of (gHsSQOy),Mg stock solution was determined ) - s Sl

by standard EDTA titration.

Stock solutions with LD were prepared for each salt. Sample 1
solutions were made by adding 4% (by weight) ofrelative 50+
to H,O (H.O + DO = 2HDO, K ~ 4) and the reference
solutions (without RO) by adding the same molar amounts of ]
H20. All solutions were prepared by weight and their densities 30-
were measured using a bicapillary pycnometer at 26.0

2.2. IR Measurements and AnalysisFTIR spectra have 20
been measured, handled, and analyzed as described in the ref
24. Analysis has been performed for solution molalities as 10+
follows: (C:HsS0Oy)2Mg 0, 0.211, 0.417, and 0.570; gEOOLI
0, 0.235, 0.469, 0.604, 0.730, 1.005, 1.303, 1.818, 2.919, 3.764,
4.794,5.794, and 6.726; GFO;Na 0, 0.386, 0.772, 1.160, and 2800 27'00 26IOO ' 25|00 ' 24|00 23b0 2200
1.553; Ck COONa 0, 0.452, 0.687, 1.155, 1.532, 2.011, 2.975,d lem?

4.035, 4.781, 5.646, 6.850, 7.883, 8.771, 9.687, 10.600, and_. _

13.624; CE COOK 0, 0.405, 0.799, 1.216, and L533HE  CBeOOLI N = 50 and (o) B o N o8 % 95.0C. T
SQOK 0, 0.429, 0.840, and 1.267,,8sSQ:Na 0, 0.427, 0.844  cation-affected (dash line) and the anion-affected (st line) bands
and 1.267; CHSOyNa 0, 0.427, 0.834, and 1.271K5SOsNa are indicated: solid points, experimental data; permanent line, contour
0, 0.444, 0.612, and 0.866; G&O;Na 0, 0.441, 0.607, and approximated by the sum of component bands. The high frequency
0.860. For (GHsSOs),Mg solutions the approximation of shoulder in (b) and (c) arises from HDO molecules imprisoned between
values van has been performed using quadratic regression, for €F 8roups of the anion.

the others using linear regression, in the rangenof 2.

404

0

been approximated by the linear regression witiHowever,
for more concentrated solutions of'LiNa", and K trifluo-
roacetates a deviation from the linear correlation has been
Figure 1 shows HDO spectra affected by salts with amphi- observed. This seems to correspond to another pattern of the
philic anion for which separation of anion-affected and cation- solute-solute organization, resembling micelle type association
affected bands was possible. In the case of MBESOy), solu- (see following text). Even fom < 1.8 the linear regression of
tions the spectrum shown in Figure 1 corresponds to extrapolatede(v;) with m is not justified for the region of extraordinarily
molality, m— 0. The component band of Mgraffected HDO high-frequency shoulder at ca. 2690 ©m This shoulder

3. Results

has somewhat higher-frequency position# 2442+ 3 cn?) generally shows Lorentzian shape; only for very diluted
than normally observed (Table 1). For concentrated solution solutions has the increased Gaussian character been observed.
(m = 0.570) this component band shifts ca. 12 énmore With increasing molality, the band shifts to higher-wavenumbers

toward higher wavenumbers and the component of anion- and its half-width decreases. Its relative intensiy generally

affected water shifts ca. 5 crhin opposite direction, while the  increases and depends clearly on the catigfi:i+) > A(Na")

number of affected water moleculds)(decreases by about 0.2. > A(K™).

Such spectral behavior was frequently obset¥ét3as a result Corresponding band has been observed by Dsjiaand

of overlapping of the ion hydration spheres with increasing salt Kecki®* in saturated solutions and more recently by Befgstro

concentration. In the case of LIGEOO solutions the component  and LindgreRC in very concentrated solutions of NagFOO.

band of Li-affected HDO (Figure 1b) reveals much lower After detailed discussion, the latter authors stated that the band

frequency than normally observed (Table 1). arised from water molecules partially screened from interacting
Spectra in Figure 1b,c generally do not show concentration with other species by Grends of aggregated @EOO™ anions.

dependence at the molality range< 1.8, soe(v;) values have We have previously observ&the corresponding band for low
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TABLE 1. OD Band Position at Maximum of HDO
Affected by Anions?P
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TABLE 2: OD Band Position at Maximum of HDO
Affected by Cations in the First Hydration Sphere (A) and
in the Second Hydration Sphere (B}

anion v°op/ cmt reft
- S -
PhB- 2620+ 4 23 cation v°op/ CM refd
PR~ 2664+ 4 17 BuN* (A) 2523+ 8 24
BF4~ 2647+ 4 17 EuN* (A) 2532+ 12 14, 48
ClOs~ 2630+ 8 14-17, 22, 23, PhP* (A) 2534+ 10, 23
32, 33, 40, 48, ) . 2680+ 6f
53, 60-62 Li* (A/B) 2530+ 14 45
NOz~ 2505+ 8 40 Lit (A) 2438+ 12 this work
|- 2570+ 8 40 Na* (A) 2534+ 8 l4t’h2i§,\/\£/1ci"k48’ 63,
Br- 2550+ 8 24,40,48
cr 2530+ 8 14, 24, 40, 48 K™ (A) 2530+ 14 45
qu— 2477+ 18 40l ' Ca2+ (A/B)b 2540+ 20 16, 45
: - Sk+ (A/B)b 2529+ 10 54
CRCOO (Lit)*s 2552+ 10, 2690+ 4¢; this work B (AB)" 2537414 14.48
N=25+0.5 . '
CRCOO Na'¢ 2538+ 10,2695k 2% this work, 20 oy 12 32,45,48,53.60
i d N=50+£05 " . Co?* (A) 2428+ 8 15
CRCOO K 2538+ 10, 2690+ 4¢; this work Niz+ (A) 2418+ 8 14 17 22 33 48, 62
. N=52+05 C* (A) 2400+ 8 ()¢ 62
CRSOs (Nizh)e 2605+ 1;N=7.2+0.5 21, 22 2530+ 8 (ap
CF3503_ (Na*)c 26044+ 4, 2690+ 4e; this work Zn2+t (A) 2418+ 18 14’ 32, 45’ 48, 61
N=56+05 . CP* (A) 2423+ 8 61
CoHsSOy™ (|\/|gz+)C 2582+ 10;N=11.4+ 0.5 this work ng+ (A) 2416+ 8 61
CszsO‘f Na* d 2571+ 8; N=49+05 this work La3t (A) 2421+ 8 45, 53
C,HsSO,~ K+ d 2568+ 8;N=5.04+0.5 this work Nd3+ (A) 2421+ 8 53
CHsSO,~ Nat ¢ 2572+ 8;N=5.3+ 0.5 this work Dy3* (A) 2414+ 8 53
C,HsSO;~ Nat d 2555+ 8;N=4.34+0.5 this work Yb3+ (A) 2414+ 8 53
CH3803* Na* d 25594+ 8; N=5.2+05 this work Al3+ (A) 22004+ 20 64, 65
@ Average frequencies calculated on the basis of independent results ggi (':) %gggi 28 gi 65
reported; the scatter of values, estimated or including the extreme values Nat (A/)B b 25964 10° 20
published? In the case of amphiphilic anions, the kind of the cation is Ni%Jr EB) ) 25304 10° 40
also shown as well as the affected numbers The anion-affected band Al* (B) 5420L 10 6465
which has been separated from the cation-affected B&Rde anion- Cr* (B) 2420+ 10 64. 65
affected and the cation-affected bands, which could not be separated. g+ ®) 2420+ 10 64

eThe OD band which arises from anion aggregat@se authors of
this work have uset\ = 8.75, havingv°op for CRRCOO™ Na' equal

to 25294 10 cnT™. 9°0p (LiT) in that system has a much lower value
(24384 10 cnmt) than previously reported (2530 14 cnt1)1448(Table
2). " Data from Lindgren’s laboratory were obtained at 200) data
from our laboratory were obtained at 250.

a Average frequencies calculated on the basis of independent results
reported; the scatter of values, estimated or including the extreme values
published ? The first and the second hydration sphere? (discussion in
text). ¢ The band assignment is different from that proposed by authors.
dWater molecules coordinated in equatorial positiGiwater molecules
coordinated in axial position$. The band of low intensity which has
been ascribed to HDO imprisoned between phenyl groups &?'Ph
aggregates! Data from Lindgren’s laboratory were obtained at 20.0
°C; data from our laboratory were obtained at 253

concentrated aqueous solutions of,P@I (Table 2) and now
for much more diluted solutions of trifluoroacetates of ,LNa",

K* and also for sodium trifluoromethanesulfonate solutions,
NaCRSG; (Figure 1c). It should be noted that Bergstrand
Lindgrert1-22did not observe the high-frequency component in
HDO spectra neither in Ni(GS0s), and Ba(CESGs), solutions
nor in the solid hydrate La(GBGs)3-9H,0 in the OH stretching
region.

Spectra of ethyl and methyl acetate solutions, shown in Figure
2, do not evidence the high-wavenumber component band at
all. Spectra collected in this figure correspond to HDO affected in group (2). This secures lower partial negative charge on
by those electrolytes for which separation of anion-affected and centers of interaction with water.
cation-affected component bands was not possible. As can be In the set of anions shown in Figure 3 only Bnd SQ?

shown, all the bands are shifted to higher frequency relative to . i .
bulk water. The respective band positions are listed in Table 1. interact with water stronger than do water with water molecules

There is no marked difference between salts with ldad K" (basing on the BadgeBauer rule). Thus the remai_ning anions
cations. The band position for methyl- and ethyl-substituted can be considered as water “structure breakers”, in the sense of

anions is the same within experimental error. However, the bandthe H-bonds energy between watanion and between the first

intensity is higher for ethyl-substituted ones, which corresponds hydration sphgre and the bulk phase. This term will further be
to somewhat smalleX values. used as referring to energy effects of water hydrogen bonds.

The abscissas determined by the intersection of the correlation
lines (1) and (2) with-°op level of the bulk water (2509 cnd)

in Figure 3 correspond to the anion radii below which water
anion interactions become stronger than wateater interac-
maximum ¢°op) of HDO affected by anions of different kinds.  tions. Such “critical radius” for the halogen ions is about 1.6
Figure 3 correlates the values ofop with polarizing power A, which is in good agreement with calculations of Bernard
(g/r) of anions. As can be seen, two groups of anions correlate and Fowler 1.6 A)35 NMR investigations by Hindman1.7

distinctly: 17, Br—, CI~, and F halogen anions (correlation line

1) and of Pk, BF;, ClO;-, NOs~, and S@ anions
(correlation line 2). The amphiphilic anions §€30;~, CRsCOO ™,

and GHsSO,~ and the hydrophobic anion B~ form a
separate set. The simplest explanation of the shift of correlation
line (2) toward higher frequencies, with respect to correlation
line (1), is the higher number of lone electron pairs of anions

4, Discussion

4.1. Anion Hydration. Table 1 lists OD band positions in
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Figure 2. HDO spectra affected by GEOOK (N = 5.2; solid line), 2500 ~ bulk water (25°C), 2509
CRCOONa (N = 5.0; solid line), GHsSO:K (N = 5.0; solid line),
C:HsSOsNa (N = 4.9; solid line), CHSO,Na (N = 5.3; short dotted ]
line), GHsSOsNa (N = 4.3; dashed line), and GBO;Na (N = 5.2;
dashed line) as indicated, with the bulk HDO (dotted line) for X
comparison purposes; 25°C. 2450 - £ S0,
A)38 and the thermodynamic considerations presented in the
work of Libus and Chachulska~1.6 A)37
Extremely weak interaction with water is exhibited by the
PR~ anion. Ther®op value in this case (2664 crd) is clearly 2400 L A—
higher thanv°op for HDO molecules which do not form 0.0 02 04 y 06 038
H-bonds with HO in water environment (2644 cr#).38 Such _ o ar _
a high value of°op can be explained by weaker van der Waals Figure 3. Relationship betweer’op for HDO affected by anions and
forces between water and the fluorine atoms of the R&n the polarizing power of aniong{r): the v°op values from Table 1

: . (®). g = charge number of anions/A = anion radius, based on refs
than those between water molecules. This explanation alsol, 3, 4, and 8 and data compilation for amphiphilic anions. FosNO

applies to the BF anion ¢°op = 2647 cn). Nonetheless,  tne jonic radii for equatorial (e) and axial (a) positions have been
weak anior-water hydrogen bonds exist in both the above cases distinguished.(O) Hypothetical positions for §4sS0,~, CFSOs~, and
because monomeric HDO molecules closed betwe€ii; CRCOO™ without radius contribution of nonpolar groups (as an
groups exhibit a band afop = 2692 cnt! (Table 1). The NG approximati(_)nr_values for HS@, HSG:, and HCOO were used§s )
anion is another interesting instance in that group of anions. the dashed line is the expected approximate relationship for hydrophobic
Data from diffraction studies of water solutions prove that a anions (see text).
flat anion interacts with water more strongly in the axial can be estimated that the €§roup and the &Hs group shift
positions (through the nitrogen atom) than in the equatorial the band by about 50 and 75 cinrespectively, toward lower
plane® Points corresponding to each radius of interaction have frequencies. According to the BadgeBauer rule, these shifts
been shown in Figure 3. It follows from the correlation that correspond to an increase in the energy of the hydrogen bonds
water affected by the anion corresponds mainly to equatorial by about 10 and 15 kJ, respectively, per mole of the affected
interactions, whereas water in the axial positions resembles bulkwater (for the method of calculation see ref 41).
water3® This can visualize the physical significance of the The main difficulty in separation of the cation- and anion-
affected water spectrum, as well as the difference between theaffected water bands in the case of sodium and potassium salts
number of affected water moleculeld)(and the coordination  of amphiphilic anions is their very close position. We also
number (in a sense of the number of nearest neighbors). suspect that the presence of nonpolar groups result in increasing
The behavior of the amphiphilic anions is the most difficult ion association, which in turn further complicates separation of
to rationalize. Only in a few systems studied in this work can the component bands. The conclusion is derived on several
the band of anion-affected water be separated from the cation-premises, which follow from the gathered data: (1)khealues
affected one (Table 1). As can be seen in Figure 3tk for these salts are rather low (Table 1), which suggests that the
values for amphiphilic anions lay below correlation line (2), same water molecules interact with the cation and the anion
which seems most suitable for comparison with ions of this type. simultaneously; (2) the salts having a{&ffoup exhibit a high-
If we considered the radii of the hydrophilic part of amphiphilic energy band,»°op = 2690-2695 cnt! (Table 1), which
anions in calculation of/r values only, the points would be corresponds to HDO molecules trapped betwees @Bups
shifted toward correlation line (2). Because this is not the case of anions forming micelle-type aggregates. Association of a
we may anticipate that the interaction with water does not counterion is typical of such formations and it clearly depends
depend on the hydrophilic group only. This suggests that on the kind of cation.
nonpolar groups strengthen the water structure weakened inthe The only example of a hydrophobic anion in Figure 3 is
surrounding of the polar groups. On the basis of the distance PhyB~. As can be seen, it strongly weakens water hydrogen
between open points (in the vertical direction), represerging bonds {°op = 2620 cnT?). The effect is, however, not as strong
values of the hydrophilic part, and the correlation curve (2), it as can be expected from the anion radius. This seems to indicate
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this value between the cation and the anion can only be made
on arbitrary ground4?

The points for halogen anions in Figure 4 form a straight
line. This seems to indicate that the prodN¢X)-AUy., changes
linearly with AH®y in the group. It may represent either an equal
2650 BF, 1 number of affected water moleculeBl)(for the considered
anions or a linear change dfwith AH°,. The latter case may
4 r find justification in theN values determined for BNX salts
in agueous solutions, where=Br, Cl, and F?* They increase
in a series Br< Cl < F and the difference betwed{(F~) and
N(Br~) is about 2. This behavior may signify a constant number
of affected water molecules in the first anion sphere and a small
number in farther spheres, this number increasing proportionally
to the polarizing power of the anion and thus with the absolute
er . value of hydration enthalpy. Diffraction studies of solutions and

computer simulations predict various values of the hydration
0 number for the halogen anions, ranging from 4 t& 9.

We expect that the produdi§X)-AU,. plotted vsAH®, form

a correlation curve common to all anions, which is ap-
£ |10 proximately linear foAUy,, < 27.5 kJ mot?. Above this value
2450 there are no longer watewater hydrogen bonds. If points
representing BF, CIO;~, and NQ~ were to lay on the common
correlation curve with halogen anions, then, as follows from
20 Figure 4, lower N values should correspond to the first
mentioned group?

4.2. Cation Hydration. Water molecules coordinated by
cations are polarized and form hydrogen bonds with water
Figure 4. Relationship betweenfop for HDO affected by anions and - molecules of the second hydration sphere. The energy of these
the standard (absoluteAH®(H") = —1091 kJ mol) hydration H-bonds depends significantly upon the polarizing power of the

enthalpies of anionsAH®.. v°op values from Table 1AH°, values . B . . . .
from ref 2. The correlation line is discussed in text. Right axis: scale cation. Small cations, with hig/r ratios cause strengthening

gas, 2727

2700

H
N
o

2600 - NO.-

o -1
vip/Cm

T
°
AU,/ kJ mol ' (H,0)

2550 Br’

2500  bulk water (25 °C), 2509

2400

————— 71—
0 100 200 300 400 500 600
-AH°, 1 kJ mol”

of the enthalpy change of affected water H-bonds at@5AU,u/kJ of hydrogen bonds, and they shift the OD band toward lower
mol~%, which corresponds to the scale efop (according to the frequencies. Large cations shift the stretching vibrational band
Badger-Bauer rule). of the coordinated water toward higher frequencies with respect

to bulk water. Table 2 lists the OD band position8dp) of

that water molecules surrounding the anion form, to some extent,HDO affected by cations obtained up to date, most of the data
hydrogen bonds between each other. This may be possible Wherbeing determined by Prof. Lindgren’s research group. Correla-

water r.nolecules.tengl to bg posmoned ta.ngentllally to the surfacetion between the values oPop and the polarizing power of

of the ion, resulting in sufficiently low orientation energy. The cations has been presented in Figure 5

minimum radius for symmetric monovalent anions, above which Unlik ) i d tch t.h i f affected

they can exhibit hydrophobic properties, is estimated to be abOUtwatgrlbzr?;li(r)\naS’cgi tliﬁmﬂzu;)vr\]/g\ycTag%ch%Fg; ;%Zﬁy}?ﬂ ecte
A (Figure 3). The r ive ban itions for hydrophobi ; VoY e .oP

3 A (Figure 3). The respective band positions for hydrophobic changes for cations was noticed for the first time by Lindgren

i o — 1y23 + (1)° s =
cations, PEP" (1*op = 2530 cmr™)*and BuN "™ (»"op = 2523 with coauthord?® basing on the relatively limited set of data

1)24 learly at hi f i d with . ) -
;:I:T(; ghéa\_reacnie(;ir: 3g/§o?ic26%v5e£n;e1?u$23|§s ?:ti%%r:pha;\?e \2” available at the time. They indicated two levels2525 and
. , - 1
weaker orientating power than anions. The dashed line in Figure 2420 cnr, ) .
As can be seen from Figure 5, théop values for cations

3 indicates the proposed direction of the band position change ] )
with respect to the polarizing power of hydrophobic anions. ~ a&Tange themselves in several discrete levels and the corre-

Experimentally determined enthalpies of ion hydration include SPOnding energies of watewater intermolecular interactions

the contribution of waterwater interaction energy change due &PPear to be quantized. Regularity in the occurrence of these
to introduction of the ion into the water medium. The energy levels may be observed: the ratio of distances between them

change should correlate with ion hydration enthalpies. The amPlunts to 2.6 0.25. We have marked the levelop = 2644
relationship between the OD band positions of HDO affected M corresponding to non-hydrogen bonded water molecules

. . . . . 1 o — 1
by monovalent anions and their hydration enthalpies is presented” @ @queous environmef#tThe level atv°op = 2627 cm
in Figure 4. It shows that with an increase in the absolute value Was additionally postulated on the basis of a detected pattern

of hydration enthalpy the water structure breaking effect of regularity in the occurrence of the above-mentioned levels.
becomes weaker. Above a threshold valnéi®y| ca. 420 kJ The diagram in Figure 5 shows that in aqueous solution a
mol-1 the halogen anions reveal a structure making effect.  relatively small number of energetic and structural states are
The energy effect of water interactions change induced by Preferred. A similar conclusion, as to the angles of interacting
introduction of anion X is given bN(X)*AUuw; AUy is the molecules, is suggested by the results for other systems with
molar H-bonds energy change between ion-affected and purelydrogen bonds and water carried out in matrixes (ref 46 and
water. AU, is a measure of water intermolecular interactions literature cited therein).
because the contribution of van der Waals interactions (14 kJ The individual energetic and structural states of HDO
mol~1)42 may be approximately considered constant and inde- molecules diluted in D might be characterized as follows:
pendent of hydrogen bonds energy. Thealues for electrolytes The level atv°op = 22004 20 cnr! corresponds to water
are obtained from water “affected spectrum”. The division of molecules experiencing a severe electrostriction effect and
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Figure 5. Relationship betweem®op for HDO affected by cations
and the polarizing power of cationg/f). v°op values from Table 2.
Key: (@) first hydration sphere) second hydration sphered first

or the second hydration sphere? (see discussion in teitthe charge
number of cationst/A is the the cation Pauling radid$.In the case

of Cu?*, differentr values have been used for axial (a) and equatorial
(e) positions of elongated tetragonal bipyrarhid;the case of PiPt,
BuN*, and EfNT, the van der Waals radius has been usEdr the
second hydration sphere of Nj RhE*, C*, Al3*, and N& as well as
Li*, Ca&", SP*, and B&" the effective radius has been calculatedras (
+ 1.38 A), where 1.38 A is the crystalline radius of watddashed
line) expected approximate correlation line (discussed in text). Descrip-
tion of the levels: v°op (bold); molar energy of water intermolecular
interactions at 25C, —AUw/kJ mol™* (normal); vdW is the van der
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hydration sphere was already accounted for in levegh =
22004 20 cntl,

The level at v°op = 2533 + 20 cm ! describes water
molecules forming slightly weaker hydrogen bonds than those
observed in pure water at temperature’@s AU,, = —36.6+
4 k¥mol?, Ro..o = 2.88+ 0.03 A. This level characterizes
the interactions of water molecules in the first hydration sphere
with the second hydration sphere in the case dfafid Na'.

The point corresponding to water molecules coordinated by the
CUw" cation in the axial positions of elongated tetragonal
bipyramid (the JahnTeller effect) belongs to this level as well.
An additional point describes water interacting between the
second and the third hydration sphere of thé"Niation. We
made this assignmeéfitontrary to the suggestion of the authors,
who obtained the dat®. It can be estimated that the band
intensity of water in the second hydration sphere Gf'N§ less

than 10% of the band corresponding to the first hydration sphere.
It seems probable for us that other cations from the le¥%gh

= 2420 4+ 20 cnt! group exhibit the band of the second
hydration sphere within the discussed level. To detect them,
studies of electrolyte solutions with an anion, which interacts
with water stronger than do water molecules with each other,
have to be performed. Otherwise, the presumed weak band of
the second hydration sphere of a cation superimposes on the
anionic band. To date only three such studies have been
conducted, which concerned Nig# NaF# and BuNF*
solutions.

Special attention must be paid to',.iC&*, S+, and B&"
cations, which are characterized &py coefficient ranging from
1.3 to 2 and have “transitional” properties. As noticed by
Lindgren and coauthor$,the bands of water affected by'Li
and C&" ions are so broad that they contain the shape df-Na
affected water band in their high-energetic part and a significant
contribution of the shape of Mg-affected water band in their
low-energetic part. The high asymmetry ofZ€&ydration band
was also confirmed by our studigsConsequently, it may be
considered that the band of water affected by, IG&", ST,
and B&", observed within the discussed level, is actually a
superposition of component bands having their maximum at the
v°op characteristic level°op = 2420+ 20 cnm! andv°op =
2533 £ 20 cntl. The intensity of the component band
corresponding to water in the second hydration sphere is clearly
dominating. Because of the method of ion radius calculation,

Waals interaction; the scatter of the values (corresponding to the scatterthe water bands affected by €a S, and B&" have been

of v°op values) is shown in parentheses.

forming very strong hydrogen bonds between the first and the
second hydration sphere. Cations with a high polarizing power,
g/r > 4, belong to this group (B, C¥*, and AFY). This level
may be characterized by the value of intermolecular interaction
energy of waterAU,,, estimated using the BadgeBauer rulet!
AUy, = —104.5+ 4 kI}mol™1. Intermolecular distance between
water molecules, in terms of the interatomiec @ distance Ro.
-0), can be calculated on the basis of the correlating function
of Ro...o VS Av°op, stated in refs 47 and 48Ro...0 = 2.61+
0.02 A.

The level atv°op = 24204 20 cnr! corresponds to strong
water hydrogen bonds, like those observed in*tca&U,, =
—59.7 £ 4 kImolL, Ro..o = 2.76 + 0.02 A. It describes

attributed to the second hydration sphere in Figure 5. The
hydration band of CEOOLI electrolyte shown in Figure 1b
reveals the first hydration sphere offL¢ation, which belongs

to the characteristic level°’op = 24204+ 20 cntl. The band

of the second hydration sphere of the cation, from levgb

= 25334 20 cnT?, is overlapping with the GJ£OO™ hydration
band.

A separate group is formed by #&t", BuN™, and PhP"
hydrophobic cations. They have different shape of the water
hydration band from that for other cations and do not evidence
further hydration spheres. As we recently established for the
case of ByN™,2* these cations reveal the same average energy
of surrounding water H-bonds as that for bulk water (measured
by the position of the gravity center of the hydration barfgp).

interactions of water molecules between the first and the secondSimultaneously, water in the hydration sphere forms more
hydration sphere of divalent transition metal cations, zinc, H-bonds, which are slightly weaker than in the bulk water. Such
magnesium, and trivalent lanthanide cations. Furthermore, thisbehavior results from lack of polarization of water molecules
level also describes water molecules interacting between theby hydrophobic cations.

second and the third hydration sphere of trivalent cations, for  The level atv°op = 25964 10 cnT! corresponds to water
which the water interacting between the first and the second forming weak hydrogen bondsAU,, = —23.8 £ 2 kI}mol™?,
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Ro--0 = 2.99+ 0.02 A. We introduced this level on the basis 2600

of the observation of the hydration spectrum of already |

mentioned NaF solution, contrary to the authdfsnterpretation .., Basca” L 10

(as in the case of NiS{) The integrated intensity of the 2550 Kl L %

discussed band is higher than the intensity of corresponding 1 ?% %

Ni2* band. In our opinion, the discussed level reveals the 2500 - $ buik water (25 °C). 2509 e

interactions of water in the second hydration sphere of Na ] . - =
E¥3

cation or (which seems more probable) describes these water "¢ N | .10
molecules in the first hydration sphere which interact more i’o 2450 Mg o . La"NG”
weakly with the cation. It is a well-known fact that alkaline  «.° ] CGZ%F? 3 [ =
metal cations, with large ionic radii, do not form a well-defined 2400 Mn?" PG Ni x

first hydration sphere, which is evidenced by broad distribution HE™ zn2s, Dy Yb |
of coordination energy and catiemwvater distancé?>2Possibly, I N | a0
the discussed level applies td'€ation even to a greater extent 2350 - .
than to N& but no spectral data confirming this supposition | .

are available. . L -40
2300 N

The level atv°op = 2627 4+ 10 cn! we introduced as a v
postulate. We expect that it corresponds to water molecules 1 N | 50
forming hydrogen bonds solely through free electron pak®, 2250 N
= —17.5+ 2 kImol™%, Ro..o = 3.06 & 0.03 A. ] el

The level atv°op = 2644+ 10 cnrt corresponds to water 2200 } % -0
molecules not forming hydrogen bonds in water environment: Nt
38 AUy, = —14.0£ 2 kImol™! (the energy of van der Waals T Lo
interactions) Ro...o = 3.11+ 0.03 A. 2150 — —

On the basis of a large collection of experimental data ° 1000 2000 3000
belonging to the level at°op = 2420 cnT?, we may assert -aH’, /kJ mol”
that its width €20 cnT?) is not the result of experimental errors  Figure 6. Relationship betweenop for HDO affected by cations in
only. A marked regularity in the OD band position connected the first hydration sphere®) and in the first or the second hydration
with the properties of cations may be observed within the width sphere @, discussion in text) and standard (absolute°y(H*) =
of the level, as long as the compared data are derived from one~1091 kJ mot?) hydration enthalpies of cation&H°: v°op values

2,53 ; T ; from Table 2;AH°}, values from ref 2; the correlation line is discussed
:?borato?r/ls. bT:(;JS’ W(_et_conrflderfth?t itis lmore ?R{Emp”ﬁte to in the text. Right axis: the scale of the molar energy change of affected
ISCUSS the band poSIaronesor v“op values or tN€ COre-\\ater H-ponds at 28C, AUy /kd mot?, which corresponds to the

T

T T
4000 5000

sponding energyonesof AUy, or AUy values. v°op Scale (according to the Badger-Bauer rule).
The division of stretching frequencies for HDO molecules
around cations into two distinct groups at ca. 2420 tmnd polarizing effect to the bulk of the solution is expected. We

ca. 2530 cm! has been discussed by Lindgren, Hermansson, may expect further hydration spheres in such cases, for which
and Wqcik,>* who explained it by the presence or absence of corresponding OD bands would appear at higher levels. Practi-
a cation second hydration shell. They suggested that watercally, such bands are not frequently observed, because of their
molecules coordinated trigonally or tetrahedrally in the first low intensity and/or overlapping with the anion-affected water
hydration sphere give rise to the absorption band at ca. 2420band.
cm~1. Water molecules trigonally bound to a cation do notreveal  correlation between the positions of OD bands of HDO
additional hydration spheres. Tetrahedrally coordinated mol- affected by some cations and experimentally determined en-
ecules could form, through their lone electron pair, hydrogen thalpies of hydratiohhas been shown in Figure 6. It is apparent
bonds with molecules from the second sphere. With their OD that the points arrange in groups. On the basis of the discussion
groups pointed at the cation, they show the absorption band atjn the preceding section, it means a similar number of affected
ca. 2530 cm?. water molecules within the group. It must be noticed that points
We suppose that the problem of the cation hydration is of in Figure 6 should be a representation of particular cations; that
more general nature. The individual cations determine specific is, they account for the presence of additional hydration spheres
arrangement of surrounding water molecules depending on the“discovered” and “undiscovered” so far. In such a case, the band
cation’s polarizing power. This arrangement, controlled by water position weighed by the integrated intensity of component bands
H-bond cooperativity phenomenon, appears to be stable in acorresponding to all individual hydration spheres would be much
relatively broad range of cation electric density. Most probably, more appropriate them°op. This could be simply done by
this is because of the strong dependence of hydrogen bondcalculating the gravity center of a complex hydration band of
energy on the angle of water molecules orientation. As a the cation,v°op. Unfortunately, there was no possibility to
consequence, the energetic state of water H-bonds arranges ialculate them from the available data.
zones. We would suggest considering the correlation in Figure  The correlation line in Figure 6 was plotted so as to connect
5 in terms of structural (geometrical) possibilities of transmission points corresponding to the same number of affected water
of the cation polarizing effect through water H-bonds between molecules in the first hydration sphere of cations. The number
the cation hydration spheres. of affected water moleculesl, is usually equal to the coordina-
The dashed line in Figure 5 suggests expected correlation oftion number in the case of cations of strong coordination power.
points in the case of optimal mutual orientation of water The course of the correlation line is set by two groups of
molecules in the first and the second hydration spheres. Forcations: (a) trivalent cations &r and AE* and (b) divalent
points situated at higheyr values with respect to the correlation cations of transition metals, zinc, and magnesium. Their
line (ca. 1.35 and ca. 4.0), a disturbance in transmission of cationunquestionable coordination number i&%.
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The correlation line runs in the vicinity of points representing
alkaline metal cations. Diffraction methods in solutions and 2700
computer simulatiorf® predict coordination number 6 for Na
6—8 for K™ and 6 or 4 for Li", depending on concentration
and the properties of solutions. It can be deduced from the o
correlation that for LT number 6 is more appropriate. In that
case, however, it accounts also for water molecules in the second 2600 .4 G- o rriiaiiirii e
hydration sphere. It is not possible that the point corresponding
to the band of the first coordination sphere of l(zone 2420 ]
+ 20 cn1l, Figures 1b and 5) represents this cation properly. LR i
The concomitant strong band of the second hydration sphere
(from the zone 2533 20 cn1?) should be masked by the band 2500 +
corresponding to GJEOO -affected water in Figure 1b. Ac- -
cording to the proposed correlation in Figure 6, all alkali metals S
can be considered as structure breakers. 8

The coordination number for divalent cations?’Ca8r", and g
Ba2t is larger than @:°55 It cannot be reconciled with the
positions of points representing these cations in Figure 5 which
correspond to the first hydration sphere. Including the contribu- .
tion of the band for the first sphere #ftop = 24204 20 cnT?t
the expected valuef v op should be less than 2509 cfn(the 2300 -
v°op value for bulk water). This leads to the conclusion that
the discussed cations should be counted among weak “makers”
of water structure.

Lanthanide cations form a separate group. From the correla-
tion in Figure 6 it follows clearly that the number of affected 2200 \%% ------ %
water molecules in their first hydration is greater than 6. Spectral \
analysis performed by Bergstroand LindgreP? led to the b
values of 7.8 for L&", 8.0 for NP, 8.7 for Dy?*, and 8.8 for 0 1 2 3 4 5 6
Yb3*, with a standard deviation of 0.6. g/r

4.3._C_ompar|son O_f Anion and Cat_'on Hydration. lon Figure 7. Relationship between’qp for HDO affected by aniond&)
Association. Concluding Remarks We included a summary  or by cations ©) and the polarizing power of cationg/¢). Data from
of observations for anions and for cations in Figure 7. It Figures 3 and 5 have been compared; the points for amphiphilic anions
combines the data from Figures 3 and 5 concerning the OD and cation C&" have been omitted as not typical examples; the
band position of HDO affected by anions and cations with correlation lines as in Figures 3 and 5.

respect to the polarizing power of ions, characterizediby — character (the BadgeBauer rule), it may be assumed that the
coefficient. estimated value principally explains the observed difference in
Two different approaches can be made in discussing spectralAH°,,.
differences between anion and cation hydration: (1) a stronger The second aforementioned difference is likely to be ex-
polarization of G-H(D) bond of water due to the interaction  plained by the ease of adaptation of water molecules coordinated
with an anion (comparison of the slope for the two correlation by an anion, but not by a cation, to the structure of the bulk
lines) and (2) the continuity in polarization changes of this bond solution. We consider two reasons that contribute to this phe-
for anions and lack of such continuity for cations. nomenon: (a) formerly noticéd less hindered rotation around
The first observation signifies a higher sensitivity of water the anion-water interaction axis and (b) greater possibility of
molecules toward interactions with anions. The noticed differ- changing the anioawater interaction angle than that for cation
ences in values of absolute free energies, enthalpies, andwvater interaction (mainly due to anions’ larger ionic radius).
entropies of hydration of anions and cations have led to an As a consequence of generally larger anionic radii and the
apparently similar conclusion. They are generally more negative observations mentioned above, anions have been more often
for anions than for cations of the same ionic radius. The origin considered as destroying the water structure. Vibrational bands
of these differences has not been satisfactorily explained so far;of anion-affected water molecules are much narrower than the
attempts to interpret the results have been based on electrostatibands of water affected by cations. This is in agreement with
models of water molecule interactions. An overview can be the established ruté of linear increase of the bandwidth with
found in ref 5. The discussion clearly lacks an adequate accountthe band shift toward lower wavenumbers. Therefore, the direct
for the structural effects, related to the assemblage of waterinfluence of cation on the water spectrum was not noticed in
molecules, in the thermodynamic functions of hydration. For early works: the band of water influenced by the cation is

gas

bulk water (25 °C)

2400 - ice

instance, the absolute standard enthalpy of hydrat\dff) of obscured by the bulk water absorption. Instead, the ability to
the F~ anion is ca. 200 kinol~! more negative than that of K “split” the water band was assigned to anihsKecki®®
cation, despite their similar ionic radii&stimations based on  considered also the influence of a cation on this effect.
energetic data from Figures 4 and 6, assuming\values for Hydration of ions discussed till now refers to solutions at

K*and F ions as equal to-68 and 6-9, respectively, indicate  low concentrations or even extrapolated to the infinite dilution.
that the enthalpy effect due to change of hydrogen bonds energyThe influence of ion association on the water spectrum has been
is more negative in the case of By 130-190 k3mol~1. Since analyzed previousl§32 The observed spectral changes have
enthalpies of hydration are determined with ca. 10% accuracy, been interpreted in terms of chemical equilibrium between water
and the energy relations considered have an approximatemolecules affected by (a) anion, (b) cation, (c) anion and cation
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and (d) bulk wateP? Instance (c) corresponds to outer-shell ion
association. It is worth stressing that water molecules affected
simultaneously by an anion and a cation give a band whose
position changes in a continuos manner, depending on the
properties of ions separated by water molecules in que&tion.
Water in solid hydrates behaves similatfy.

When purely electrostatic aspects of ion association are
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(25) Stangret, J. Intermolecular Interactions in Aqueous Solutions from
Vibrational Difference Spectr&Zesz. Nauk. Politech. Gdansk, Ch&90Q
45, 578 (Polish). Wydawnictwo Politechniki Gdskiej.

(26) (a) Kleeberg, H.; (b) Heinje, G.; Kammer, T.; Kleeberg, H.; Luck,
W. A. P. InInteractions of Water in lonic and Nonionic Hydratédeeberg,
H., Ed.; Springer-Verlag: Berlin, Heidelberg, 1987; (a) p 89; (b) p 39.
Kleeberg H.; Heinje G.; Luck, W. A. Rl. Phys. Chem1986 90, 4427.
Kleeberg, HJ. Mol. Struct 199Q 237, 187. Kleeberg, H.; Klein, D.; Luck,
W. A. P.J. Phys. Cheml1987 91, 3200. Kleeberg, H.; Luck, W. A. RZ.

neglected, the structural enthalpy effect promotes the associatiorPhys. Chem. (Leipz)d 989 270, 613. Hermansson, K.; Lingren, J.; Probst,

between ions, which exhibit a similar band position of affected
water (Figure 7). Cations of well-defined first hydration sphere
(water characterized by the 2420 20 cnt! zone) have the
second hydration sphere at 253320 cnt! zone. The energy
state of water molecules in this region is similar to that of water
affected by most anions. This promotes outer-shell ion associa-
tion. If water molecules in the first hydration sphere of cations
belong to the 2533 20 cnT! zone (alkali metals cations), the
possibility of forming contact ion pairs increases. Infrared
hydration studies performed by Max and Chapados, using ATR
sampling of ordinary (KO) water, deal with these particular
electrolyte cases; ref 59 and references therein. Salts with
amphiphilic anions exhibit a particular tendency toward as-
sociation.
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