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Abstract

Empirical solvent polarity parameters were used to evaluate the nature and magnitude of the intermolecular interactions of eight dipolar organic
solvatochromic indicators in aqueous solutions frozen at 253 or 77 K, using the concept that is generally employed to study the polarity of liquid
solvents or solid surfaces. Fr(30), Er(33), and EY as well as «, acceptor number (AN) (hydrogen-bond donation ability), 8 (hydrogen-bond
acceptor ability), and 7" (polarity/polarizability) parameters were obtained by measuring the differences in the shifts of the absorption spectra
of the probes. It was found that hydrogen-bond and electron-pair donating interactions were significant contributors to the polarity of a probe
environment in ice and, at the same time, they were found to be substantially larger than those measured in liquid aqueous solutions and relatively
insensitive to the sample temperature. While the former interaction type is attributed rather to the presence of water in a close vicinity of the probe
molecules, the latter is evidently connected with the inter-probe interactions within the self-assembled molecular aggregations in conjunction with
the water—probe interactions. The solvatochromic analysis revealed very weak dipole—dipole interactions (") but the results are inconclusive.
The data are consistent with a model according to which, upon freezing the aqueous solutions, the organic solute molecules are ejected to the
grain boundaries to form highly concentrated liquid or frozen mixtures of organic and water molecules, having a high degree of complexity and
exhibiting specific intermolecular interactions. Evaluation of the intermolecular polar interactions at the grain boundaries in ice should be of a
great value in advancing our understanding of physical and chemical processes occurring in natural ice and snow.
© 2006 Elsevier B.V. All rights reserved.
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contaminants has also been studied by infrared and Raman
spectroscopy, combined with computer modeling, finding three
different important types of surface water molecules, includ-

1. Introduction

An understanding of the interfacial interactions between

ice and organic molecules relies on a convergence of infor-
mation from many different sources, including the studies of
physical and chemical properties of the ice surface [1-9] or
cryogenic chemical behavior of ice contaminants [10-18]. The
surface of crystalline ice is a complex disordered system with
a greater molecular mobility than that of bulk ice, the mag-
nitude of which increases when contaminant molecules are
incorporated [1]. It was shown that adsorption of various organic
molecules on ice surface can be described well with a multi-
parameter linear free energy relationship, based on the van der
Waals and the electron donor/acceptor interactions (such as
H-bonding) [19]. The surface of ice and its interaction with
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ing those with dangling hydrogen or oxygen atoms [20,21].
The adsorbed states of some organic molecules, such as ace-
tonitrile, chloroform [22], acetone [23], or benzene derivatives
[24], were investigated by various techniques, such as desorp-
tion mass spectroscopy or electron spectroscopy, revealing the
scope of hydrogen bonding or dipolar interactions. Most impor-
tantly, adsorption, desorption, interaction types, or diffusion of
the molecules in ice are known to be temperature and phase-
dependent variables [25-27]. Hydrophobic or hydrophilic solute
molecules are known to become spontaneously segregated at
grain boundaries in the polycrystalline ice during the freezing
process [28,29]. Such a solute concentration-enhancing effect
[26,30,31] may cause the solute organic molecules to self-
organize [27]. There is still, however, a lack of information
available to evaluate qualitatively the interactions of the organic
molecules with water molecules at the grain boundaries in ice.


mailto:klan@sci.muni.cz
dx.doi.org/10.1016/j.jphotochem.2006.10.012

276 D. Heger, P. Kldn / Journal of Photochemistry and Photobiology A: Chemistry 187 (2007) 275-284

Cl Cl

|
LT oo
HO
o] o)

6 7

B N

@ @

O OO
2

~o N7 NH
® ® ®

NS NG N

Noghae) 00 O S90
3 4 5

oH

Chart 1. Solvatochromic probes.

Two limiting models for the behavior of a solidified organic
solvent surrounding the solute as the temperature is lowered
were proposed by Bublitz and Boxer [32]. In the first case, the
distribution of polar solvent molecules around a solute could
be approximately the same in both the liquid and solid states,
because the probe—solvent interactions forces are already large
in the solution. Any possible increase in solvent polarity was
then suggested to be only due to the solvent contraction by
freezing. In the second case, nonpolar solvent molecules in the
vicinity of a solute could become locally more oriented by lower-
ing the temperature to increase the intermolecular interactions.
When these lower-energy configurations are frozen, a signifi-
cant increase in (effective) polarity can be pronounced. Such
an increase in polarity upon freezing has been experimentally
observed for 2-methyltetrahydrofurane, toluene, and methylcy-
clohexane rather than for ethanol, which well supports the above
mentioned assumption [32] or some other findings [33,34].

The above mentioned model is not, however, easily adopted
for frozen aqueous solutions because (i) water is very polar; (ii)
expands when it freezes [1]; (iii) hydrophobic organic solute
molecules are not incorporated into the ice matrix [1,30,35]; but
(iv) they are instead ejected to a (quasi)liquid/solidified layer
[26] surrounding the ice crystals during the freezing process.
We wished, therefore, to evaluate the nature and magnitude of
the intermolecular interactions of dipolar organic chromophores
in frozen aqueous solutions using the solvatochromic analysis,
the concept that has already been extensively applied to study
the polarity of liquid solvents [36—38], but also of the solid sur-
faces of silica [39—41], alumina [42], or a-amino acid crystals
[43]. Empirical solvent polarity (solvatochromic) parameters
are based on the spectroscopic measurements of changes in the
absorption maxima of a probe. The solvatochromic effect origi-

nates from a different degree of orientation of solvent molecules
around a dipolar ground state probe and the change in dipole
moment when the chromophore is electronically excited [38].
Such a method, applicable for both liquid and solid phases,
seemed to be an ideal tool to study the interactions at grain
boundaries of ice.

Several different systems, exhibiting shifts of the UV-vis
absorption maxima by changing the interaction forces
between the solute and surrounding water molecules of
ice, were employed in this work. E7(30), ET(33), and
E¥ values were obtained based on a correlation of the
solvatochromic behavior of 2,6-diphenyl-4-(2,4,6-triphenyl-
1-pyridinio)-phenolate (1) [38] and 2,6-dichloro-4-(2,4,6-
triphenyl-1-pyridino)phenolate (2) [44] dyes, and the 7",
o, B, and acceptor number (AN) parameters were calcu-
lated based on a correlation of the solvatochromic behavior
of 4-nitroanisole (3), N,N-dimethyl-4-nitroaniline (4), 4-
nitroaniline (5) [45], 4,4'-bis(dimethylamino)benzophenone
(Michler’s ketone; MK) (6) [40], 4-(dimethylamino)-4'-[di(2-
hydroxyethyl)-amino]benzophenone (MK(OH),) (7) [46], and
cis-dicyano-bis(1,10-phenanthroline)iron(Il) (Fe(phen)>(CN)»)
(8) [40,47] dyes (Chart 1).

2. The study tools

Many different alternatives have been proposed to mea-
sure solute-liquid solvent interactions, resulting in a large
variety of “solvent polarity scales”, but still no general defi-
nition has emerged [48]. There are four reasonably independent
parameters that can characterize the medium: hydrogen-bond
donation ability (acidity) («), hydrogen-bond acceptor ability
(B), polarity/polarizability (n*), and solvent stiffness (§) [49].
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The parameters were established by Kamlet and Taft in their sim-
plified multi-parameter linear solvation energy (LSE) equation,
XYZ=XYZo+s(w" +d8)+aa+bpB, where XYZ is a property
of the solvatochromic probe (such as the wavelength of an
absorption maximum) in the medium and XYZ is that of a
reference system [36]. The coefficients a, b, d, and s are solvent-
independent correlation coefficients [50]. In this work, the o, 8,
and 7" parameters were used to study interactions of organic
solutes at the grain boundaries in ice. In addition, the acceptor
number parameter [49] has been obtained in order to determine
the hydrogen-bond donation ability of the solvent independently
on that of «.

2.1. Empirical solvent polarity parameters ET(30) and
Er(33)

The molar electronic transition energies ET(30) (Eq. (1))
of a dissolved probe 1 have been shown to correlate with
a (hydrogen-bond donation ability) (~60%) and 7" (polar-
ity/polarizability) (~40%) parameters (Eq. (2)) [38], while the 8
term (hydrogen-bond acceptor ability) was found to contribute
scarcely to those values (vide infra) [38,49]. In addition to 1,
many other substitution derivatives were successfully employed
as solvatochromic probes [38,51-53]. In this work, a dichloro
derivative 2 (ET(33)), was used because of its good aqueous
solubility (3.7 x 10~*mol L~! at 25°C [44]) and lower pK,
compared to E1(30) (pK,E7C0 =8.64; pK,F133 =4.78) [38].
The ET(33) scale is defined equally as that of ET(30) (Eq. (1))
and both scales can be interconverted according to Eq. (3) [44].
Besides, a normalized ET(30) parameter E¥ was defined as a
dimensionless quantity (Eq. (4)), and its values range between
0 for nonpolar TMS and 1 for highly polar water [38].

Et(300r33) [kcal mol_l] = hcvmax NA (1)
E1(30) =31.2 4+ 1520 + 11.57* 2)
ET1(30) = 0.979E1(33) — 7.461 3)
ET(30) —30.7
N
= 4
T 32.4 @
2.2. The solvatochromic parameter "
This parameter measures the exoergic effects of

dipole—dipole or dipole-induced dipole interactions among
solute and solvent molecules, thus it evaluates the dipolarity
and polarizability of the solvent [36]. A newly established and
recommended probe is 4-nitroanisole (3) [45]. In case that its
absorption band is not well resolved, the values of the absorption
maxima of a secondary indicator, N,N-dimethyl-4-nitroaniline
(4), are known to correlate with those of 3 by Eq. (5) [45]:

5(3) = 0.60897(4) + 13840, 5)

where ¥ is the wavenumber in cm~!.

The " parameter is then calculated from ¥ of the absorption
maxima according to Eq. (6):

P(solvent) — P(cyclohexane)
H(DMSO) — d(cyclohexane)
P(solvent) — 34120

= , (6)
31720 — 34120

*(solvent) =

where the corresponding ¥ were determined in cyclohexane,
DMSO, and in a solvent to be studied, respectively [45].

2.3. The solvatochromic parameter o

This parameter is used to evaluate the solvent molecule as
a hydrogen-bond donor. The calculation is based on the com-
parison of the solvent-induced absorption band maxima shifts of
two similar probe molecules, from which one acts as a hydrogen-
bond acceptor whereas the other cannot [38]. Here « is calculated
by Eq. (7) using 7" and ET(30) [49]:

a = 0.0649E1(30) — 2.03 — 0.727*. 7

2.4. The solvatochromic parameter

The ability of a solvent to act as a hydrogen-bond acceptor
or electron-pair donor to the solute is frequently characterized
by the g parameter [38]. Again, the solvatochromic compar-
ison method is based on absorption behavior of two similar
molecules, where one of them is capable of hydrogen bonding,
whereas the other is not. For this work, N,N-dimethyl-4-
nitroaniline (4) and 4-nitroaniline (5) pair of the probes [54,55]
was applied and the 8 parameter was calculated according to
Eq. (8):

AAD4,5)
2759
where AAD(4,5) = 0.98419(4) 4+ 3490 — §(5), and D is the

wavenumber in cm™! [54]. The B value is normalized to f=1
in hexamethylphosphoramide [36,56].

®)

2.5. The acceptor number AN

AN is an empirical parameter evaluating electron-pair accept-
ing properties of the solvents that strongly correlates with the o
parameter [49]. Its main advantage is that it can be determined
from the spectrum of one compound only. The parameter is cal-
culated from the absorption maxima of Fe(phen),;(CN); (8), in
which the solvatochromic shift of the charge transfer band cor-
responds to a hydrogen-bond donation ability of this compound
according to Eq. (9) [57,58]:

AN[cm™!] = —133.8 4 0.009337max(8). C))

AN can also be expressed as a function of « and E1(30) according
to Eq. (10) [49]:

AN = —30.0 4+ 15.30¢ 4+ 1.01 ET(30). (10)
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2.6. The ™ and o parameters calculated using the probes
6,7, and 8

These parameters were calculated from the absorption max-
ima of MK (6), MK(OH); (7) and Fe(phen)>(CN), (8) by Eqgs.
(11) and (12) according to Spange et al. [40]. Since the reso-
lution of the absorption bands in the spectra of MK (6), which
is not very soluble in water, was very poor in samples frozen
at 253 K, MK(OH); (7) was used instead as an alternative and
the values of Dpax(6) were obtained by a linear correlation of
the values published for MK and MK(OH); in 26 solvents [46]
according to D (6) = —0.96 4 1.038Dpax (7).

o= —7.90 + (0.453Vmax(8) x 1073) 4 (0.0219max (6) x 1073),
(11)

7% = 13.889 + (0.251 Dmax(8) x 1073) — (0.320max (6) x 1073).
(12)

3. Experimental
3.1. Chemicals

2,6-Diphenyl-4-(2,4,6-triphenyl-1-pyridinio)-phenolate (Et
(30); Aldrich; 90%), 2,6-dichloro-4-(2,4,6-triphenyl-1-
pyridinio)phenolate (ET(33); Fluka; >99%), 4,4’-bis(dimethy-
lamino)benzophenone (Michler’s ketone (MK); Aldrich,
98%), 4-(dimethylamino)-4’-[di(2-hydroxyethyl)-amino]benz-
ophenone (MK(OH);) [59], 4-nitroanisole (Acros organics;
>99%), 4-nitrophenol (Lachema; p.a.), 4-nitroaniline (Lachema,
p-a.), N,N-dimethyl-4-nitroaniline (Acros organics; >99%), and
cis-dicyano-bis(1,10-phenanthroline)iron(Il) (Fe(phen),(CN)z;
Pfaltz and Bauer; >99%) were used without further purification.
Each experiment was performed with a freshly prepared stock
solution. Water was purified by the reverse osmosis process
on an Aqua Osmotic 03 and its quality complied with U.S.
Pharmacopaial Standards (USP).

3.2. Absorption measurements
The solidified samples containing probe solutions in Plas-
tibrand cuvettes (transparent at >280nm) were prepared by

freezing either quickly at 77 K (a liquid nitrogen bath) or slowly

Table 1

at 253 K (an ethanol cooling bath). The absorption spectra of
liquid aqueous solutions were measured on a Unicam UV4
spectrometer (Cambridge, UK) against a pure water sample in
quartz cells with the optical path length of 1 cm. The absorption
spectra of frozen samples and the reference spectra of pure ice
were measured on a Lambda 19 UV-vis/NIR spectrophotome-
ter (Perkin-Elmer) using a 60-mm integrating sphere (the slit
width was set to 1 mm and the scan speed to 480 nm min~!
or lower) immediately after removing the cuvettes from the
cold environment. Although the sample temperature was not
controlled during the absorption measurements, no changes of
the spectra were observed within the time period necessary for
duplicate consecutive experiments. The averaged spectral back-
ground of pure ice was subtracted from each spectrum and the
spectra shown are averaged from at least three independent mea-
surements. The final spectra were smoothed using an adjacent
averaging method when necessary. MATLAB and Origin were
utilized as the graphical and statistical software. The step by step
filter program [60,61] was applied to determine the number of
peaks and Ay in the spectra.

4. Results

The UV-vis absorption spectra of solvatochromic dyes in
liquid and frozen aqueous solutions were measured and the cor-
responding absorption maxima (Amax) are listed in Table 1. The
samples were frozen either relatively slowly (253 K) or quickly
(77 K), and the spectra of frozen samples, being warmed from 77
to 253 K or cooled down from 253 to 77 K, were also obtained.
The latter experiments were performed in order to find if the
spectral changes are reversible in this temperature range. These
experimental conditions were selected based on our previous
study of methylene blue aggregation [27], according to which a
solute concentration enhancement at the grain boundaries of ice
strongly depended on the sample temperature. Furthermore, the
temperature of 77 K is unquestionably below the corresponding
eutectic temperatures for all mixtures, while the probe molecules
in highly concentrated layers covering the ice crystals at 253 K
will exhibit considerable diffusion [27]. Changes in the magni-
tude of dye aggregation could undoubtedly affect nonbonding
interactions among the probe and water molecules.

Figs. 1-5 show the spectra of the probes 2, 4, 5, 7, and 8,
which were used to determine the solvatochromic parameters.
These dyes, listed in Table 1, were selected on the basis of

The absorption maxima found in liquid (293 K) and frozen (253 or 77 K) aqueous solutions containing solvatochromic probes®

Probe  Concentratio/molL™"  Amax (MM) (293K)  Amax (1m) 253K)  Amax () (77— 253K)°  Amax (M) (77K) Ay (nm) (253 — T7K)°
2 3.7x 1076 406 (407 [44]) 464,512 467,511 463,509 466, 509

4 2.6 x 1076 421(422(62]) 348 356 350 355

5 174 %107 378(380[36]) 360 371 387 382

6 1.9 x 107 379 n.d. n.d. 369 362

7 2.62x 107 382(383[46]) 373 379 371 369

8 1.13% 107 512(510(63]) 463, 518, 583 465, 515, 573 469, 516, 572 467,518, 570

2 The values in the parenthesis are from the literature.
b The samples frozen at 77 K and warmed to 253 K.
¢ The samples frozen at 253 K and cooled to 77 K.
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Fig. 1. The normalized absorption spectra of the aqueous solution of 2,6-
dichloro-4-(2,4,6-triphenyl-1-pyridinio)phenolate (2) obtained at 298, 253, and
77K.
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Fig. 2. The normalized absorption spectra of the aqueous solution of N,N-
dimethyl-4-nitroaniline (4) obtained at 298, 253, and 77 K.
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Fig. 3. The normalized absorption spectra of the aqueous solution of 4-
nitroaniline (5) at 298, 253, and 77 K.
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Fig. 4. The normalized absorption spectra of the aqueous solution of 4-
(dimethylamino)-4’-[di(2-hydroxyethyl)-amino]benzophenone (MK(OH),) (7)
obtained at 298, 253, and 77 K. (253 — 77 K): the samples were frozen at 253 K
and cooled down to 77 K.

their properties, such as a higher solubility in water, and the
solvatochromic parameters were calculated using the absorption
maxima shifts directly or by the correlations with some other
systems, commonly used for such a purpose. The concentrations
of the probes were adjusted carefully to obtain signals, which are
well resolved from the background of pure ice. Heterogeneity
and lower transparency of the polycrystalline ice samples evi-
dently decreased the signal-to-noise ratio and a band broadening
was attributed partially to light scattering and reflection.

4.1. The E7(30)/E7(33) parameter

2,6-Diphenyl-4-(2,4,6-triphenyl-1-pyridinio)-phenolate
(ET(30); 1) could not be used in our experiments because it is
protonated (pK,ETGY =8.64) at low aqueous concentrations
(~10~%mol L~") [38], causing the solvatochromic band to

] . —— liquid (298 K)
. - - - solid (253 K)
o oo solid (77 K)

relative absorptivity

¥ . -*
- i
ROy
L4

T % T X T b T % T
450 500 550 600 650
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Fig. 5. The normalized absorption spectra of the aqueous solution of cis-

dicyano-bis(1,10-phenanthroline)iron(Il) (Fe(phen),(CN),) (8) obtained at 298,
253, and 77 K.



280

D. Heger, P. Kldn / Journal of Photochemistry and Photobiology A: Chemistry 187 (2007) 275-284

Table 2

The calculated solvatochromic parameters for liquid (298 K) and frozen (253 and 77 K) aqueous solutions®

Temperature (K)®  Anax(2) (nm)®  Ep(33)4 ET1(30)° ENf '8 oh B AN
(abundances)

298 406 70.4 (70.2 [44]) 61.5(63.1[38]) 0.95(1[38]) 1.15(1.09[64]) 1.13(1.17[64]) 0.15(0.18 [64]) 49.4 (54.8 [63])

253 464 (85%) 61.6 52.9 0.68 —0.12 1.48 1.45 46.1
512 (15%) 55.8 47.2 0.51 1.12 34.8

77— 253 467 (95%) 61.2 52.5 0.67 0.05 1.34 1.51 43.5
511(5%) 56.0 47.3 0.51 1.01 332

77 463 (95%) 61.8 53.0 0.69 —-0.07 1.46 2.09 459
509 (5%) 56.2 47.5 0.52 1.11 35.0

253 - 177 466 (89%) 61.4 52.6 0.68 0.03 1.36 1.82 44.0
509 (11%) 56.2 47.5 0.52 1.03 33.8

Two values for the o parameter were obtained from two different Anyax values of E1(33).
2 The parameter values for liquid solutions in the parentheses are from the literature.
b (77 = 253 K): the samples were frozen at 77 K and warmed to 253 K; (253 — 77 K): the samples were frozen at 253 K and cooled to 77 K.
¢ Amax corresponding to the samples containing 2. The values in the parentheses are the abundances of both resolved bands in the spectrum determined by the

Gaussian curve fitting.

94 The parameters were calculated according to Eq. (1) (probe 2).

¢ The parameters were calculated according to Eq. (3) (probe 2).

f The parameters were calculated according to Eq. (4) (probe 2).

2 The parameters were calculated according to Eq. (6) (probe 4).

" The parameters were calculated according to Eq. (7) (probes 2 and 4).
! The parameters were calculated according to Eq. (8) (probes 4 and 5).
J The parameters were calculated according to Eq. (10) (probes 2 and 4).

disappear. Instead, the ET(30) parameters were calculated
using those of ET(33) according to Eq. (3). The changes in
the absorption spectra of 2,6-dichloro-4-(2,4,6-triphenyl-1-
pyridinio)phenolate (ET(33) probe; 2) upon freezing (Fig. 1)
were easily observed visually: a yellow liquid turned to a red
ice sample. In contrast to the spectra obtained at 298 K, those
measured at 253 or 77 K composed of two distinct absorption
bands with Apax equal to 464 and 512 nm, or 463 and 511 nm,
respectively (Table 2). This may suggest that at least two
species (e.g., different stable conformations of the probe;
specific binding sites on the probe molecules) were observed
after freezing the aqueous solutions. Conformational restriction,
because of lower temperature and molecular confinement in
the solid matrix, was highly probable especially in experi-
ments at 77 K [18]. The calculation of the species abundance
ratios, using the Gaussian fitting analysis [27], was based
on the presumption that the species have similar absorption
properties.

ET(33), and subsequently E1(30), were calculated using Eqs.
(1) and (3), respectively, and they are shown in Table 2. In
addition, the dimensionless E¥ was derived according to Eq.
(4). The bathochromic shifts [38] of both Anax at low tem-
perature imply that hydrogen-bond donation ability («) and
polarity/polarizability (7*) of the frozen medium decreased
compared to a liquid solution. Such lower values correspond to
those of less polar solvents than water; for example, E¥ = 0.68
and 0.52 was found for 1,3-butandiol [38] and 1-dodecanol [38],
respectively. This simple comparison has, however, evidently no
meaning when we wish to discuss the character of the interac-
tions at the grain boundaries (vide infra). The temperature in the
interval of 77-253 K had practically no effect on the Et values;

however, it did affect the abundances of the observed species to
some extent.

4.2. The ™ parameter

We have attempted to determine the 7" parameter by mea-
suring the absorption spectra of 4-nitroanisole (3) [45] but
the corresponding solvatochromic band almost disappeared
after the solution was frozen. Therefore, an alternative probe,
N,N-dimethyl-4-nitroaniline (4) (Fig. 2), was used for 7" deter-
mination using a linear correlation (Eq. (5)) and consequently
using Eq. (6). The absorption band A« of the frozen solutions
was shifted hypsochromically by approximately 70 nm, compar-
ing to liquid samples (Table 1), providing the 7" values close to
0 in all cases (Table 2). Extremely low values of 7" found in ice
could be compared, for example, to those obtained in cyclohex-
ane [64], which exhibits no dipole—dipole interactions toward
this probe. It is apparent from the table that temperature had no
effect on these values.

4.3. The a parameter

The « parameter was calculated from the preceding 7" and
ET(30) values (Table 2) using Eq. (7). It was thus not surpris-
ing that the values, corresponding to the most abundant bands,
were higher for ice samples in case that the corresponding 7"
parameters were negligible. This parameter represents a princi-
pal interaction evaluated by ET(33), and was not also affected
by temperature changes. For comparison, o = 1.4 corresponds to
that typically found in a strong hydrogen-bond donating solvent,
such as trifluoroethanol (e =1.51) [64].
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4.4. The B parameter

This parameter was calculated from the absorption max-
ima of N,N-dimethyl-4-nitroaniline (4) and 4-nitroaniline (5)
(Figs. 2 and 3) according to Eq. (8) [56]. 4-Nitroaniline (5) is
a homomorphic molecule to N,N-dimethyl-4-nitroaniline (4),
being able to interact with hydrogen-bond acceptor solvents. The
calculated values were found to be significantly higher inice than
those in liquid solutions. Being somewhat different in samples
frozen quickly or slowly, the average B value of 1.7 is higher
than that of any known solvent; a very high value (8=1.43)
was, for comparison, found in 1,2-diaminoethane [38]. Relative
intensities of the solvatochromic band of 4 decreased in frozen
solutions, producing some uncertainty in the interpretation of
these data.

4.5. The alternative AN, o and ™ parameters

In addition, we wished to employ an independent pro-
cedure to evaluate AN, « and T parameters, using 4,4’-bis
(dimethylamino)benzophenone (Michler’s ketone) (6), 4-
(dimethylamino)-4’-[di(2-hydroxyethyl)-amino]benzophenone
dyes (MK(OH);) (7), and cis-dicyano-bis(1,10-phenan-
throline)iron(Il) (Fe(phen)>2(CN),;) (8). This method was
introduced by Spange et al. to evaluate polarity of various solid
surfaces [40]. While the acceptor number can be determined
directly according to Eq. (9), a linear correlation of Apax (7)
with those of 6 (vide infra) would enable us to calculate o and
7" using Eqgs. (11) and (12) (not shown). Fe(phen)>(CN), in the
liquid solution gave a broad asymmetric absorption band with
Amax =512nm (Fig. 5). Upon freezing the band was split in
three distinct maxima at approximately 466, 517, and 580 nm
(having the relative abundance ratio 4:5:1 at 253 K, determined
by the Gaussian curve fitting). The Amax values were almost
independent on temperature; only a decrease in the intensity of
the most shifted band (580 nm) was observed for the samples
frozen at 253 K compared to those frozen at 77K. In case
that these three bands (Table 1) represent three species, the
calculated AN values (Eq. (9)) would vary within a very wide
interval (68, 46, 26, respectively). Since the spectrum of 8 in
ice, however, resembles that of its crystalline form adsorbed on
cellulose fiber surface [65], we can only speculate whether the
parameter evaluation is physically justified.

The absorption bands of both MK (6) and MK(OH); (7)
shifted hypsochromically upon freezing comparing to water
samples. The absorption spectra of 6 were not well resolved at
253 K, possibly because of its low aqueous solubility; therefore,
the absorption maximum could not be determined. In contrast,
the MK(OH); spectra provided distinct absorption bands at both
77 and 253 K (Fig. 4) and no significant differences were found
when the samples were frozen slowly or quickly.

4.6. Solvatochromic parameters in organic solutions
In order to estimate the parameter values for very concen-

trated probe solutions where the dipolar solvatochromic probes
are expected to be largely segregated, the absorption maxima of

Table 3

The solvatochromic parameters obtained in CH, Cl, diluted solutions and slurry®
Medium ET(30) EX " o B
CH,ClL? 40.7[38] 0.31[38] 0.82[49] 0.13[49] 0.10[49]
CH;Cl; slurry® 437 0.40 0.64 0.34 1.04

2 Egs. (1), (4), (6), (7) and (8) were used in the calculations.
b Diluted solutions; the data from the literature.
¢ A mixture of crystallized probe molecules in saturated solution.

1, 4, and 5 in dichloromethane solution containing dye crystals
(slurry) were compared to those obtained in dichloromethane
diluted solutions (Table 3). The results show that all values
changed when the concentration increased; a significant increase
in the B value is the most apparent.

5. Discussion

When an aqueous solution is frozen, the organic impurities
are excluded from the bulk ice to the grain boundaries, caus-
ing a substantial increase in their local concentration [27]. The
initial probe concentrations in water, ¢ = 1075t0 10~ mol L1,
unquestionably increased locally upon freezing by many orders
of magnitude [27] and the compounds could crystallize or
form an aqueous organic glass microscopically interspersed in a
polycrystalline ice matrix, as suggested by Guzman et al. in
case of frozen pyruvic acid solutions [17]. As a result, two
kinds of interactions have to be considered: interactions of the
probe molecules with the water molecules of ice and interac-
tions between the probe molecules themselves. We also have
to assume that there may be characteristic interaction (binding)
sites on the chromophore and that temperature and constrain-
ing medium affects the probe conformational motion to such an
extent that several distinct conformers are trapped.

To estimate the contribution of the inter-probe interaction, the
solvatochromic parameters were measured in dichloromethane
slurry, where the probe (1, 4, 5) concentrations were large
enough to assume that the dipolar molecules are highly aggre-
gated (Table 3). The concentration effect was apparent on all
parameters measured. The values of ElN and 77" changed insignif-
icantly, « increased by a factor of 3, and g increased by an order
of magnitude, generally indicating that aggregated probes in a
CH;Cl; slurry (still in the presence of the solvent) exist in rel-
atively more polar environment than those in diluted solutions.
Finally, the solvatochromic parameters shown in Table 2 were
used to evaluate possible probe—water and inter-probe interac-
tions at the grain boundaries in ice under different experimental
condition.

5.1. H-bond donation abilities of the probe environment (o)

The o parameter value, corresponding to the most abundant
absorption band of 2 (Table 2), increased from 1.13 in liquid
water to ~1.4 in ice, suggesting that H-bond donation is a more
significant contributor to such polar properties of the frozen
matrix than of a liquid solution. The probes 2 and 4 have no
acidic hydrogens to interact with a basic moiety; however, 2 has
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a negatively charged atom to make a strong H-bond with acids.
Therefore, only water—probe interactions could cause high «
values found in ice. In contrast, the empirical solvent polarity
parameters, E1(33) (i.e., ET(30) and EI{-I), were found to be gen-
erally lower in ice (a less efficient H-bond donation) than those
of liquid water. An analysis based on Eq. (2), however, indicates
that only «, evaluating the environment molecules as hydro-
gen donors, contributed, while dipole—dipole interactions (JT*)
were found negligible or not available using this technique (vide
infra). Lower acceptor number values in ice, calculated from the
o and ET(30) parameters, only authenticated this observation
(Table 2). We are not certain about the origin of an absorption
band splitting in the case of 2 (Fig. 1). Broader peaks could,
moreover, represent overlaid absorption bands of more than two
species. For comparison, the presence of three types of water
interactions [66] and two energetically distinct binding sites for
HCI [67,68] on the ice surface were reported in the tempera-
ture range of 50-140 K. It was concluded by the authors that
these local surface patterns most probably interacted with the
probe molecules and influenced the absorption spectra. Hydro-
gen bonding between water molecules of ice with self-assembled
monolayers of organic compounds, such as alkanethiolate, is
also known to cause a structural rearrangement of the polar ter-
minal groups [69]. It is thus understandable that self-assembling
of solvatochromic probes had to affect the hydrophobic interac-
tions in the grain boundaries of ice.

5.2. H-bond acceptor abilities of the probe environment ()

The parameter value, indicating the presence of electron-
pair donating molecules, was found to be exceptionally high
in the ice matrix (Table 2); it increased by an order of magni-
tude upon freezing the liquid solutions. A similar effect was,
however, observed in dichloromethane slurry (Table 3). The
probe 5, in contrast to 4 (both were used to determine ), should
undoubtedly be very sensitive to the presence of a base. If we
assume that the increase in concentration enhances a molecular
self-organization, a stronger intermolecular H-bonding among
the probe molecules is the only reasonable explanation of this
observation. As aresult, a more efficient aggregation is expected
to occur in frozen ice samples [17,27]. We, of course, cannot
exclude the water—probe interactions; they were found to be
dominant in the measurements of « and certainly contributed
concurrently to the value of B.

5.3. Dipole—dipole interactions (")

Eisenthal and co-workers applied the second harmonic spec-
troscopy to probe the polarity of air/water interface using
N,N-diethyl-4-nitroaniline and E1(30), which was found to be
nonpolar with 7" =0.22 and E-I}I = 0.01 [70]. The authors con-
cluded that the polarity of the interface between two fluids is
an arithmetic average of the polarities of the constituent bulk
phases. The values of 7" close to 0 obtained in this work (Table 2)
may suggest that the probe molecules partially interacted with
air at the grain boundaries. Contaminated polycrystalline ice is
known to be substantially inhomogeneous and dynamic system

[71-73], that contains air bubbles [74] and non-solid aqueous
layers on the ice crystals [26,75]. The spectra of the probe
3 were resolved with large difficulties because the absorption
band nearly vanished and, therefore, the interpretation of T
should be taken with caution. Interestingly, 7~ decreased in
dichloromethane slurries only insignificantly, suggesting that
molecular aggregation cannot be responsible for such an unex-
pected behavior in the frozen solutions. For comparison, 7" was
found to be the most important contributor to the polar proper-
ties of the silica surfaces, followed by hydrogen-bond donation
() by Lindley et al. [39] and the results were re-evaluated later
by Spange et al. (7" =0.38-1.04) [40].

Our attempt to use the probes 6 and 8 has not succeeded in
physically explicit explanation of a dispersed 7~ values. Three
different resolved Ay« (Fig. 5) may correspond to dipole—dipole
interactions at completely different sites of the probe 8 or to dif-
ferent probe isomers. In such a case, a significant portion of
the probe molecules provided 7" close to 0 again. Since, how-
ever, the absorption bands are of an uncertain physical origin,
mainly because the probe is highly aggregated or crystallized
by the freezing process in the grain boundary, the quantification
of dipole—dipole interactions should be re-evaluated by other
independent procedures.

5.4. Temperature effects on solvatochromic parameters

Temperature of the frozen samples did not have any major
effects on the change of solvatochromic parameters (Table 2).
Negligible shifts of the absorption band maxima can be caused
by a decreased S/N ratio. Only abundance ratios of deconvo-
luted absorption bands showed minor variations which indicate
that intermolecular interactions were vaguely sensitive to tem-
perature. We recently found that methylene blue concentration
increased by three orders of magnitude upon fast freezing (77 K)
but by at least six orders of magnitude upon slow freezing
(243 K) of its aqueous solutions [27]. Based on the results of
previous research, it is presumed that a layer containing organic
probes at the grain boundaries of ice was rather liquid at 253 K
but fully solidified at 77 K. The probe molecules were strongly
aggregated without any doubts in the whole interval of 77-253 K
but the fact that the temperature and freezing conditions did not
affect the solvatochromic parameters means that macroscopic
molecular arrangement at the grain boundaries in the frozen solu-
tions was not quantitatively very different, despite the fact that
some parameter values are known to be temperature sensitive
[76].

In conclusion, both hydrogen-bond and electron-pair donat-
ing interactions were found to be the significant contributors to
the polarity of the solvatochromic probe environment in ice and,
at the same time, they were larger that those measured in liquid
aqueous solutions (Table 4). While the former interaction type
is attributed rather to the presence of water among the probe
molecules in concentrated frozen layers at the grain boundaries,
the latter is probably connected with the probe aggregation (self-
organization) during the freezing process. This probe behavior,
however, caused considerable experimental difficulties in spec-
ifying the exclusive probe—water interactions at a fundamental
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Table 4

Interactions in the grain boundaries in frozen aqueous solutions of the solvatochromic probes

Solvatochromic Interaction of a probe with

Comparing to a liquid aqueous

Interpretation

parameter solution, the parameter value in ice

o, AN H-bond donors Increased moderately Water as an H-bond donor must be present

B H-bond acceptors Increased significantly Enhanced molecular self-organization; inter-probe and
possibly water—probe interactions

7 Dipolar/polarizable molecules Decreased significantly; the results Specific probe interactions

are, however, inconclusive

level. Behavior of frozen aqueous solutions studied by the sol-
vatochromic analysis evidently differs from that of other solid
matrixes, such as rigid and acidic silica or alumina [40], and
the effects observed in ice also do not parallel those found in
the frozen organic solvents [32]. From the interpretation of the
data obtained in this work, we can envisage the grain bound-
aries of ice containing organic polar impurities as a mixture of
more or less organized organic/water molecular cluster, having a
high degree of complexity and exhibiting specific intermolecu-
lar interactions, whose translational and conformational motion
is, nevertheless, largely restricted.

The evaluation of intermolecular polar interactions in ice
should be a key parameter in understanding the physics and
chemistry occurring in natural ice and snow in polar regions.
Continued progress in the studies of microscopic behavior of
ice contaminants in ice then highlights the importance of further
qualitative and quantitative laboratory experiments as comple-
mentary tools in cryospheric and polar atmospheric research.
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