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Thermosolvatochromism of Betaine Dyes Revisited: Theoretical Calculations of the
Concentrations of AlcohoWater Hydrogen-bonded Species and Application to Solvation
in Aqueous Alcohols
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Solvatochromic data of 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate (RB) in aqueous methanol,
1-propanol, 2-propanol, and 2-methyl-2-propanol atQ%vere recalculated by employing a recently introduced
model that explicitly considers the presence of 1:1 alcela@ter hydrogen-bonded species, ROW, in

bulk solutionand their exchange equilibria with water and alcohol in the probe solvation microsphere. The
thermosolvatochromic behavior of RB in agueous ethanol was measured in the temperature range from 10 to
60 °C; the results thus obtained were treated according to the same model. All calculations require reliable
values ofKgissos the dissociation constant of the RGMV species. This was previously calculated from the
dependence of the density of the binary solvent mixture on its composition. Through the use of iteration, the
volume of the hydrogen-bonded speci¥gon-w, andKgissocare obtainedgimultaneouslfrom the same set

of experimental data. This approach may be potentially problematic be&agseand Vron-w are highly
correlated. Therefore, we introduced the following approach: VEyn-w was obtained fromab initio
calculations, (ii) these volumes were corrected for the nonideal behavior of the binary solvent mixtures at
different temperatures, (iii) correctédhon-w vValues were employed asconstantin the equation used to
calculateK gissoc(from density vs binary solvent mixture compositioMkon-w calculated by the COSMO-RS
solvation model fitted the density data better than those calculated by the IEFPCM model. In all aqueous
alcohols, solvation by ROHW is favored over that by the two precursor solvents. In agueous ethanol, a
temperature increase resulted in a gradual desolvation of RB, due to a decrease in the hydrogen-bonding of
both components of the mixture. The microscopic polarities of R@Hare much closer to those of the
precursor alcohols.

Introduction constant of dissociatiofgissos Of the ROH-W complex, from
which the “effective” concentrations of the (three) solvent

Note A list of all abbreviations and symbols employed is species in “bulk” mixture were obtaindds

given after the Conclusions. _ ) )
The study of solvatochromism has contributed a great deal 1he input data to calculat&issoc include the following:
to our understanding of solvation. The BVis spectra, absorp- ~ Mror Mw, Mron-w, Vron andVw, along with initial estimates
tion or emission, of certain solvatochromic indicators (hereafter Of KdissocandVron-w.°~8 Here,M andV refer to the molecular
designated asprobes$) were measured in solvents, and/or mass and molar volume of the solvent species, respectively. A
solvent mixtures, and the data thus obtained have been employedeexamination of the density data published for mixtures of water
to analyze both solverfprobe and solvenrtsolvent interactions. and acetonitrile, methanol (MeOH) and tetrahydrofdras,well
The study of thermosolvatochromism adds the dimension of as the equation employed to calcul&gssocrevealed that the
temperature to solvatochromism. Extensive use has been maddatter constant andron—w are highly correlated, with correlation
of an empirical solvent polarity scal&, calculated fromEr coefficients ofr > 0.97. This is a typical example of multicol-
= 28591.5Amax (nM). The latter scale converts the electronic |inearity, which has been discussed in detail elsewhdree
transition within the probe into the corresponding intramolecular consequences of multicollinearity include larger standard errors
charge-transfer energfr in kcal mo~.*2 In binary solvent i the quantities calculated and lower statistical significance of
mixtures of protic solvents, for example, alcohol, ROH, and e resyuitsindependentf the value of the regression coefficient.
water, W, thf_e_polanty has _been rationalized in terms of tie p . In limiting cases, several local minima, for example, of the
and hydrophilicfhydrophobic character of both probe an_d 0rganiC \asiguals, may be obtained by iteration; these correspond to
cosolvent. We have shpwn that therm.osolvatochrom|c data in noticeably differentombinations of the quantities calculatéd.
the above-mentioned binary solvent mixtures are best analyzed, ~, -
b idering that the medium is composed of three species Additionally, the volume of th? MeOHW complex does not .
y consi 9 p p ; :
ROH, W, and a 1:1 hydrogen-bonded “complex” solvent ROH vary systematically as a fun_ctlpn of increasing temperatl;re, it
W. Dependence of the density of the binary solvent mixture on increases then decregsesTgls_ increased from 20 to 55C_'
its composition has been employed to calculate the equilibrium e were also faced with a similar problem for aqueous mixtures
of 2-methyl-2-propanol (2-Me-2-PrOH}.The above-mentioned
* To whom correspondence should be addressed. Fax: 55-11-3091-3874.Pfoblems have prompted us to reexamine this very important
E-mail: elseoud@ig.usp.br. aspect of binary solvent mixtures, namely, the formation and
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RS) and the integral equation formalism (IEFPCM) polarizable
O continuum models with the 6-31G(3d,p) basis séf 17 Ab
initio calculations were performed by using the Gaussian 03
| B program packag®. Three-dimensional structures and surfaces
O N O were calculated by using ArgusLab 4.0.1 softwiireAll
calculations were performed at the advanced computing facilities
O (LCCA) of the University of Sa Paulo.

0 -
Results and Discussion

RB RB is probably the most studied probe, both in pure solvents
Figure 1. Molecular structure of 2,6-diphenyl-4-(2,4,6-triphenylpyri-  and in their mixtures. Consequently, it is appropriate to
dinium-1-yl)phenolate, RB, the solvatochromic probe employed. reexamine some of our previous data of this probe in RO
) ) . mixtures. The reason is that simpler solvation models have been
some properties of the ROHAV complexes formed, in particular  45pjied for aqueous MeOH, no complex solvent was considered:;
their volumes and polarities. . for the other alcohols, the formation of RONV was restricted
We have developed a theoretical approach to calculate g the solvation microsphere, that is, the presence of hydrogen-
Vror-w, henceKaissoc for mixtures of water with methanol,  ponded species in bulk mixture was ignof&s The solvation
MeOH, ethanol, EtOH, 1-propanol, 1-PrOH, 2-propanol, 2-PrOH, model that we have recently introduced explicitly considers the
and 2-methyl-2-propanol, 2-Me-2-PrOH, at different tempera- eychange equilibria of all solvent species present, namely, ROH,

tures. The data calculated were applied to analyze solvato-\y and ROH-W, as shown by the following equatichs
chromism of the probe 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-

1-yl)phenolate, RB (see structure in Figure 1), in binary solvent ROH+ W = ROH-W Q)
mixtures of water with these alcohols at 25, as well as its
thermosolvatochromism in aqueous ethanol, in the temperature Probe(ROH), + mW == Probe(W),+ mROH  (2)

range 10 to 60°C. Theoretically calculate&gissoc Values are

lower but correlated linearly with those previously calculated Probe(W), + m(ROH—W) == Probe(ROH-W),_ + mw
from density data. RB is preferentially solvated by all alcohols; m 3)
increasingT of aqueous ethanol resulted in the desolvation of

RB, due to the concomitant decrease of solvent structure. TheProbe(ROl—Q + M(ROH-W) =

polarities of the ROHW are more similar to those of the
precursor alcohols. Probe(ROHW),,,+ mROH (4)

Experimental Section wherem represents the number of solvent molecules whose
] ] exchange, in the probe solvation microsphere, affégtshe

Materials. RB was purchased from Merck. Commercial ,ajye of m should not be confused with the total number of
methanol and “absolute” ethanol (Valduto-Mense@umica,  molecules that sohte the probe An important consequence
DF)_ were furt_her dried by d_|s_t|llat|on from the c_orrespondlng of eqs 14 is that the observelr (E$bs) is given as the sum of
sodium alkoxide. The densmes aie(30) (polarity §ca}e of the polarities of the solvent species preseﬁ’i’, E_}?OH, and
RB) oflboth solvents were in excellent agreement with literature E?OH*W, multiplied by the corresponding mole fraction in the
values: Probe , Probe Probe

Densities of ROH-W Mixtures. These were determined for 'Sl'(r)wlc\e/?gtctjgrr;Irz,rg;zzzrg\flfvec,tggoﬁéta::;iRﬁgé\ivéc:ﬁigﬁfrg\t/iegr{.s
MeOH-W, EtOH-W, binary solvent mixtures by use of a ' y

DMA-40 resonating tube digital densimeter (Anton Paar, Graz). of alcohol and water in the bulk mixture
Densities of 1-PrOHW, 2-PrOH-W, and 2-Me-2-PrOHW
were taken from literaturg!?

Spectrometric Determination of E+(30). Determination of

obs __ _ Probg=W Probg=ROH Probe ROH-W
Er°=xw’ Er T XronEr T XrorwET )

E1(30) of ethanot-water mixtures was carried out as explained The rglatlonshlp t_)etween bulk solvent Composmorl and.that
of the microsphere is given by the so-called solvent “fraction-

in detail elsewheré;® by using a Beckman DU-70 UWvis tion factors” defined b
spectrometer, equipped with a thermostated cuvette holder. Thetlon factors’, detined by
following information is relevant: final probe concentration, 2

Probg, Probe

to 5 x 10~* mol L~%; number of solvent samples measured _ W TXROH ©6)
18, including the two pure solvents; temperature control inside FwiroH (x\?\}( ;Eﬁecnve/%ggﬁﬁecwe)m
the holder,+0.05 °C; number of scans= 2; scan rate= 120
nm minl Values of Amax Were calculated from the first Probe ;. Probe
derivative of the absorption spectrum, the uncertaintyein — XRoH-w/ZRoH

1 PROH-WI/ROH Bk;Effective; Bk;Effectiveym ()
(30) = 0.2 kcal mot™. . (trok-w 1XRroH

Quantum Chemical Calculations.The structures of alcohols,

water, and alcohetwater complexes were optimizeuthout Probe /XProbe ¢
constrainsby using the density functional theory (DFT) at g, ww = —ranot WEW____ _ TROWWROR — (g)
Becke’s three parameter hybrid functional, using the correlation ( BEftectivey, Bl Effectiveym PwiROH

functional of Lee, Yang, and Parr (B3LYP) with the 6-3G-

(3d,p) basis sé€14Stationary points were confirmed as minima where Bk refers to bulk mixture anglis that defined before.
via vibrational frequency calculations. Optimized geometries In eq 6,pwron (W substituting ROH) describes the composition
were used to calculate the solvent accessible volumes using botlof the probe microsphere, relative to that of the bulk mixture.
the conductor-like screening model for real solvents (COSMO- For gwron > 1, the microsphere is richer in W than the bulk
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mixture; the converse holds fgrwron < 1, that is, the probe
is preferentially solvated by ROH. Finally, a solvent fraction-
ation factor of unity indicates an ideal behavior, that is, the

microsphere and bulk mixture have equal compositions. The

same line of reasoning applies¢@on-wron (COMplex solvent
substituting ROH) angron-ww (Complex solvent substituting
W), egs 7 and 8, respectively.

Treatment of solvatochromic data involves the following
steps®=> (i) calculation of Vrop-w and Kgissoc from the

dependence of densities of the binary solvent mixtures on their 2-Me-2-PrOH-W

composition, (ii) calculation (based &fissod Of effectiveyromn,
xw, andyron-w for the different solvent mixtures employed,
and (iii) calculation of the correspondi@y/roH, PROH-WI/ROH,
and gron-ww from the dependence <ﬁ$bs on solvent com-
position, by employing eq 9

Bk;Effectivey m—ROH Bk;Effectiveym—=W
(Xron e) Er T+ @wironltw e) Er +
Bk;Effectiveym—ROH-W
®roH-wiRoHXROR-W e) Er

+ @wirorX
Bk;Effectiveym

ProH-wiRoHROH-W

obs _
T Bk;Effectiveym
(XROH

Bk;Effectiveym
W +

(9)
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TABLE 1: Selected Geometric Parameters and Dipole
Moments of the 1:1 AlcohoWater Hydrogen-bonded
Complexes, Calculated by the B3LYP/6-31G(3d,p) Basis
Set

d(HO"'H "'O(H)R) D(O"'HW"'O(H)R) Hvacuum
(X) (deg) (D)

complex
MeOH-W 1.918 170.59 2.5161
EtOH-W 1.916 170.69 2.7056
1-PrOH-W 1.914 171.84 2.9040
2-PrOoH-W 1.909 171.82 2.6517
1.906 171.58 2.5701

ad(HO---H,--O(H)R) refers to the distance between the OH of water
and the H-atom that is being transferred to the (O) atom of alcohol;
the corresponding angle between the two oxygen atoms is given by
(O¢++Hy +-O(H)R). For all complexes examined, the point group is
1.

of dipolar aprotic solvents and water (in GClhas been
calculated; both 1:1 and 2:1 solverW/ complexes were
considered. The ratiok;.1/Kz.1 ranged from 26 (acetonitrile)
to 132 (DMSO)3® In summary, our solvatochromic data can
be conveniently analyzed by considering 1:1 RON com-
plexes only.

The ensuing discussion is organized as follows: calculation
of optimizedVrou-w, calculation ofKgissocfor ROH—W of the

The derivation of this and other equations related to the apove-mentioned alcohols, and application to our previous and
treatment of solvatochromic data has been given in detail new solvatochromic data of RB.

elsewhere and will not be repeated in the fextFor clarity,

however, some of these derivations are included in the Sup-

porting Information, Sl. It is worthwhile to stress that the input
data include experimentally determinE@PS, Er(30)ROH, and
Er(30)W and calculateglSkEfectve o Bkffective 5, BliEffective
Values of gwiron @ror-wiror and ERC™" are then calcu-
lated from eq 9. Iteration is continued until the (complex)
dependence 0E2* on yw (usually a polynomial of the fourth
to sixth power) is satisfactorily reproducerthe criteria for the
goodness of fit include an acceptably small valugZfusually

Calculation of Vron-w. Briefly, the theoretical calculation
of the molar volumes of 1:1 ROHW complexes is based on
geometry optimization of the precursor components (ROH and
W) and of the 1:1 ROHW complex, followed by calculation
of their molar volumes at different temperatures. This procedure
is detailed below.

Geometry Optimization. The level of theory chosen to
optimize the geometry of ROHW complexes was based on
obtaining satisfactory data for water, including its dipole moment
(u) and energy of dimerizatiom\Ew), both quantities have been

< 1079 and an agreement between calculated and experimentaimeasured experimentally. Use of DFT with B3LYP functional

valuesEr(probe)ROH andEr(probe)Ws=5 Finally, gror—wmw
is calculated by dividingror-wiron BY @wiron The preceding
discussion underlines the importance of calculatiorK@fsos
based on a reliable value ofR¥-w. It also raises interest in
comparing the polarities of ROH-W with those of ROH and
W.

At the outset, it is appropriate to address the use of 1:1
stoichiometry for ROH-W, according to eq 1. This is a practical

and the 6-31+G(3d,p) basis set resulted inugyy = 1.885 D

and AEw = — 4.81 kcal mof?; in good agreement with
experimental valuegyw) = 1.854 D andAEy = — 4.9 to —

5.2 kcal mof1.39 Use of the 6-33G(3d,p) basis set gave better
results than those calculated with the more popular, although
smaller basis sets, including B3LYP/6-31G(d,pyw) = 2.044

D and AEw = — 7.54 kcal mot! and B3LYP/6-3%-G(d,p):

Uy = 2.195 D andAEw = — 6.04 kcal mot1.3® Use of the

and convenient assumption because it renders subsequent-31+G(3d,p) basis set also gave satisfacteryalues for the
calculations tractable; it has been extensively employed by othersalcohols studied (see Table SI-1 of the SlI).

to describe solvatochromisth.2® Mixed solvent species with
stoichiometry other than 1:1 may be treated, to a good

Both alcohol and water can act as a hydrogen-bond donor
and/or hydrogen-bond acceptor. Theoretical calculations and

approximation, as mixtures of the 1:1 structure plus excess of microwave rotation tunneling spectroscopy have shown that the

a pure solvent. The formation of ROGHV complexes are

MeOH—-W complex is energetically more favored (by ca. 1 kcal

manifested by the nonideal, that is, nonlinear relationships mol~t) when methanol is acting as a hydrogen-bond accéptor.
between compositions and physicochemical properties of binary This arrangement was employed with other alcohols since they

solvent mixtures, including their densities, dielectric constants,
NMR relaxation times, dielectric relaxations, and fluorescence
lifetimes of dissolved probe&3! Theoretical calculations, the
Kirkwood—Buff integral functions (that describe YWV, ROH—
ROH, and ROH-W interactions), and electron-impact mass
spectroscopy support the formation of ROW complexes?-34
Additionally, the 1:1 model has been successfully employed to

are more basic than methanol. The distances, angles, and dipole
momentsy, that characterize the RGHV complexes are listed
in Table 1. As expectet}, the HO--H,-*O(H)R hydrogen
bonds are almost linear for all complexes. Full three-dimensional
representations of these complexes are shown in Figure SI-1 of
the SI42

Calculation of the Solvent Molar Volume. To calculate the

fit the data of spectroscopic techniques that are particularly cavity volume occupied by ROH in a water continuum, we have

suitable to determine the stoichiometry of ROW aggregates,
including the dependence of thd chemical shift (NMR) and/

or the peak area and frequencyef; (FTIR) on [W]35-37 When

IH NMR spectroscopy is used, the stoichiometry of mixtures

employed both COSMO-RS and IEFPCM models with the
B3LYP/6-31+G(3d,p) basis set. In both cases, surface excluded
cavities were calculated by applying the united-atom topological
model to atomic radii defined by the UFF force field. The



10290 J. Phys. Chem. A, Vol. 110, No. 34, 2006

110

100
90
80
70
60 -

50

Vv, (cm3 mol'1)

40
30 4

201 A

10 (," T T T T T T T T
80 90

100

V:(em® mol™)
Figure 2. Relationship between experimentally determined molar
volumes of solventsyy, and calculated molar volume¥sc, using
(A, A) IEFPCM/B3LYP/6-31-G(3d,p) and (B,¥) COSMO-RS/
B3LYP/6-31+G(3d,p) for water and alcohols. For each solvent, the
spread ofVy (at eachvac) covers the temperature range-1%b °C.

For the COSMO-RS model, the points for 1-PrOH and 2-PrOH are
much closer than those in the IEFPCM counterpart.

TABLE 2: Molar Volumes (V5<, in cm?® mol~1) of W, ROH,
and ROH—W, Obtained with Two Solvation Models Using
the B3LYP/6-31+G(3d,p) Basis Set

solvent/ROH-W Vi<, COSMO-RS Vi<, IEFPCM
water 15.30 18.70
MeOH 29.00 43.96
EtOH 41.28 57.65
1-PrOH 53.47 72.18
2-PrOH 53.44 76.68
2-Me-2-PrOH 65.43 96.19
MeOH-W 42.93 61.78
EtOH-W 55.22 75.96
1-PrOH-W 67.44 90.44
2-ProH-W 67.34 94.89
2-Me-2-PrOH-W 79.23 113.34

solvent cavity volumes thus obtaineds¢ in A3) were converted
into molar volumes f’,lc, in cm® mol~1) by multiplying it by
Avogadro’s number and dividing by 29(the latter operation
converts & into cn?®). The same approach was applied in
calculation of the ROHW cavity volume. Table 2 shows the
values calculated with both models for W, ROH, and ROH
W, respectively.

Calculation of the Molar Volumes of ROH—W at Differ-
ent Temperatures and Correction of the Volumes thus
Obtained due to the Nonidealities of the Binary Solvent
Mixtures. The calculations that originated the data of Table 2
have no provision for the following: (i) effects of temperature
on the volume of ROHW and (ii) the nonidealities of the
binary solvent mixtures. In principle, it is possible to employ
molecular dynamics to calculatedependent molecular surfaces
and cavities of ROH-W; see point (iJ.Since this is a costly
procedure (in terms of CPU time), we assumed that the
dependence of the volume of RGNV on temperature follows
the same equation of the precursor pure liqdfdEhe procedure
employed was as follows: (theoretical- of pure liquids

Bastos et al.

(a)
o4 (©
e %
9 ‘w «
(b) vfﬁ«o

ufoui

Figure 3. Solvent accessible surfaces of (a) separated methanol and
water molecules, (b) the isolated Me©GM/ complex, and (c) one
MeOH-W solvated by 11 water molecules.

correlation, calculated by the COSMO-RS model for the data
at 25°C. The full set of linear equations is listed in Table SI-2.

V,, = —4.26359¢1.2005)+ 1.51271£0.02602Y5"

r=0.9994;, SD=1.0688 (20)

The volumes calculated in the preceding step refasdtated
ROH—-W species, that is, they do not consider volume changes
due to the presence of these species in bulk nonideal solvent
mixtures; see point (ii). This limitation is depicted qualitatively
in Figure 3, where part a represents isolated molecules of MeOH
and W. The combined volume of this (separated) solvent pair
is 73.57 &, compared with 71.30 Fof part b. The latter refers
to the volume of an isolated MeGHN complex. This volume
contraction (3%, COSMO-RS) is even more significant if one
considers the effect of the surrounding species (W, MeOH, and
MeOH—-W) on MeOH-W complex in bulk solution. Part ¢ of
Figure 3 shows the solvation of one RGW by 11 W
molecules. Again, the combined volume igblated solvent
species is 353.12Acompared with 329.15%or the optimized
geometry (7% reduction, COSMO-RS). This volume contraction
continues for larger assemblies of solvent molecules. In conclu-
sion, a correction for the nonadditivity of volumes is required.

Since the nonideal behavior of (bulk) binary solvent mixtures
can be expressed in terms of an excess function, we decided to
correct the above-mentioned volumes of ROW by adding
the appropriate excess volumes. These are defined as the
differences between experimental and expected molar volumes
(the latter for an ideal mixture), expressed on the volume fraction
scale () by eq 11

Vi = Viy — oV + 0tgonVeor] (11)

where (experimentalyy is defined on the volume fraction scale
by eq 12, where is the density>

v QywPw 1 OrorProH

M -1 (12)
plowpwMy =+ 0ropProHMRoH

-1

The reason for expressing the volume excess function in terms
of volume fraction rather than the mole fractféris because
the former scale is employed in the calculationkgfssoc® 8

(Table 2) were plotted against their experimental, density-basedFigure 4 shows the dependence of the excess volumes of

molar volumesyy andVgoy, in the temperature range 165
°C, using 5°C intervals (Figure 2). Temperature-dependent
volumes of ROH-W were then calculated by using tsame
regression coefficients of the resulting 20 linear correlations (2

aqueous ethanoVE,’“) on the volume fraction of EtOHxgon)

in the temperature range +@0 °C. The vertical, dashed line
corresponds to the solvent composition where the mole fraction
of EtOH is 0.5, that is, where the stoichiometry of alcohol

solvation models, 10 temperatures). Equation 10 shows a typicalwater is 1:1. The corresponding excess volumes were employed
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2 : TABLE 3: Dependence of the Dissociation Constants of
Teon = 051 Alcohol—Water Complexes,Kgissoo ON Temperature
0+ :
i VroH-w
24 ' T(°C) ROH-W (cm*mol™)  Kaissoc? rz2 10 x y?
10 EtOH-W 66.37 0.03007 0.9994 2.27
. 41 ' 15 EtOH-W 66.73 0.03067 0.9995 1.74
s i 2-PrOH-W 77.50 0.06245 0.9989 4.32
g 61 ! 20 EtOH-W 67.09 0.03134 0.9996 1.32
“e 25 MeOH-W 55.33 0.00455 0.9997 0.92
S 81 a0 : (0.0058)
w= —e—15 EtOH-W 67.47 0.03187 0.9997 1.08
107 | —4-20 : (0.0357)
:ig ' 1-PrOH-W 79.68  0.08399 0.9994 2.95
R Tt (0.0813)
14 —»40 2-PrOH-W 78.41 0.06494 0.9992 3.34
B (0.1237)
oo o2 o4 os o8 1o 2-Me-2-PrOH-W  88.60 (g.iggg)zt 0.9994  2.63
Ceon 30 EtOH-W 67.85 6.03247 0.9998 0.86
. ! 1-PrOH-W 80.17 0.08702 0.9995 2.55
Figure 4. Dependence of the excess volum‘é,\E,l‘() of aqueous 35  MeOH-W 55.00 000461 0.9995 214
ethanol on the volume fraction of the alcohalgon, at different EtOH—W 68.23 003284 0.9997 1.12
temperatures. The vertical, dashed line is that where the mole fraction 1-PrOH-W 80.67 0.08953 0.9995 2.51
of EtOH is 0.5, that is, where the stoichiometry of alcohefter is 2-PrOH-W 79.29 0.06720 0.9993 3.09
1:1. 2-Me-2-PrOH-W 89.57 0.10275 0.9995 2.47
40 MeOH-W 56.15 0.00464 0.9994 2.29
to correct (ROH-W) volumes of the preceding step, at different EtOH-W 68.62 0.03336 0.9997  0.96
temperatures; this procedure was employed throughout. The %:E:giw %'%ﬁ 8'823%2 g'ggg; %'gg
excess volumes calculated at different temperatures (where 2-Me-2-PrOH-W  90.07 010428 0.9995 0.70
density data are available) anlon—w, corrected for the effects 50 1-PrOH-W 82.19 0.09844 0.9996 1.89
i i i i i _ 2-PrOH-W 80.73 0.07166 0.9994 2.53
of temperature and mixture nonideality, are listed in Table SI-3 S Me2-PrOH-W 91,05 010522 0.9997 196

of the SI.

Determination of the Alcohol—Water Association Con- #Values in parentheses refer Kaissoc values that were previously
stant (Kasso) from Density Data. By considering that a mixture ~ calculated from density data, wheWeon-w (eq SI-9) was employed
of water and a solvent is made of both components and the 1:13S an adjustable parameter.

solvent-water complex, Scott et al. have derived an equation gissciation constants. TMor-w obtained from both IEFPCM
to fit density data as a function of solvent volume fraction (eq 5n4 COSMO-RS models (Table SI-3 of the SI) were used in
13)57 Nonlinear fitting of experimental data calculates, simul- eq 13 to fit experimental data. In general, the fit of the IEFPCM
taneously Vror-w and Kaissos model to the data was worse (< 0.93) than that of COSMO-
RS (2 = 0.998 andy? < 5 x 1079), so that the latter model
was used throughout. Figure 5 shows the typical results of
employing eq 13 to fit the density vs composition data, whereas
the Kgissocvalues calculated are reported in Table 3. An attempt
As mentioned earlierKgissoc and Vron—w are highly cor- to calculateKgissocby employingVron-w = Vron + Vv (taken
related; their calculation from the same set of data may be from Table 2) showed that this approach is inadequate; the
suspect because of this multicollinearity. Use \on-w, model simply does not fit the density data.
calculated by an independent method and employed as a fixed The data of Table 3 show that althouglh initio-basedgissoc
parameter in eq 13eliminates this problem and provides reliable values at 25C are somewhat different from those previously

o= [W] Mw + [ROH]MROH + [ROH - W]MROH—W
[W]Vyy, + [ROHVioy + [ROH = W]Vgoy iy

(13)

1.05
MeOH EtOH 1-PrOH 2-ProH 2-Me-2-PrOH
1.00 " | " ] " 1 " | "
] 1 - n .
oss| Lo, | TN TS
Lo . m_ (55.33) N W (67.47) e (79.68) ". (78.41) ~ ", (88.60)
§ " " ~ ) wow "
2 [58.70] . *, [76.74] . n [93.23] " [95.03] . ®, [13.01 . %
@ 0.85 L] - S m B .l B R - L
o) “m m A ! wh
i n " . "
- . ;.
0.80 L L w | [ Y
L L “a "
0'75 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
00 020406 0810 000204060810 000204060810 000204060810 000204060810
CpreoH Yo % 1_prom O, prom O Me-2-ProH

Figure 5. Representative plots showing the dependence of solution density on the volume fraction of ROH inAR@ktture at 25°C. The
solid squares are experimental data; the dashed curves show the fits obtained by the procedure outlilgd(inspegentheses) andy + Vron
(in brackets).
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Figure 6. Species distribution at 25C for mixtures of water with MeOH, EtOH, 1-PrOH, 2-PrOH, and 2-Me-2-PrOH, respectively.

TABLE 4: Analysis of Solvatochromic Data in Binary ROH—W Mixtures at 25 °C?

ROH m PW/ROH PROH-W/ROH PROH-W/W ET(30) W ET(30) ROH ET(30) ROH-W r2 Xz
MeOH 1.352 0.466 3.212 6.892 63.086 55.396 56.703 0.9990 0.00717
EtOH 1.356 0.394 13.868 35.153 63.126 52.148 53.871 0.9990 0.01532
1-ProOH 1.695 0.263 184.41 701.21 63.167 50.582 52.600 0.9989 0.01639
2-PrOH 1.331 0.267 30.540 114.46 63.107 48.287 51.605 0.9995 0.01134
2-Me-2-PrOH 1.052 0.389 25.390 65.244 63.146 44.677 49.501 0.9984 0.05082

2 Er(30) values reported were calculated by regressioBr(80) vs solvent composition. Experiment&(30)sovent — calculatedAET(30)soivent
was within 0.1 kcal mott.

TABLE 5: Thermosolvatochromic Data of RB in EtOH —W Mixtures

T(°C) m Pw/ROH PROH-WI/ROH PROH-W/W EY EROH gRoH-W r2 P
10 1.574 0.345 21.213 61.488 63.433 52.126 53.713 0.9988 0.01144
25 1.356 0.394 13.868 35.153 63.126 52.148 53.871 0.9990 0.01532
40 1.218 0.463 9.845 21.263 62.799 51.564 53.136 0.9984 0.02553
60 1.171 0.541 7.364 13.621 62.187 50.633 51.810 0.9997 0.00502

calculated, both sets of results show linear correlation with assume a favorable orientation for hydrogen bonding with
0.905;r increases to 0.961 if the point of 2-PrOH is eliminated. water31.37:56-52 |t is worth mentioning that our previous data

As expectedKgissoc increases (i.e., ROHW association de- also indicated that probesolvent interactions are rather sensitive
creases) as a function of increasing temperature; the van’t Hoff to its hydrophobic interactions with the organic component of
equation applies satisfactorily to all alcohols. Figure SI-2 of the binary solvent mixturé:®

the SI, that is, the corresponding>, is essentially temperature Effective mole fractions and observed value€ef30) were
independent in th&-range studied, in agreement with published used to calculaten, the differentq, and ER°"" for five
data?’—49 _ aqueous alcohols at 25C and for aqueous ethanol in the
The effective mole fractions of water Ge="" alcohol temperature range #®B0 °C (eq 9). The results of these
(yBKEMectve and the 1:1 wateralcohol complex f2Eect calculations are listed in Tables 4 and 5, respectively, whereas

were calculated from egs 5, 6, and 7, as reported elsewhere; Figure 7 shows theEr(30)/temperature/solvent composition
the results are graphically represented in Figure 6. Interestingly, contours for EtOHW.

this figure shows that the maximupgron-w IS more sensitive Regarding these results, the following is relevant:

to the volume of ROH than to itska. The fact that more basic (i) Using the new set oKgissos We recalculated 17 previous
alcohols do not bind more strongly to water shows that data sets for WROH mixtures, for four different zwitterionic
increasing the chain length of the alkyl group attenuates probes, at 18660°C3-511The percent differences obtained
hydrogen bonding due to the following: (a) an increase in {X (difference between values using the tW@ssod?}/17) x
hydrophobic interactions, whose relative importance increases100) were as follows: 0.4%m; 5.4%, @wron; 11.9%,
rapidly as a function of increasing the volume of R, and (b) an @ron-wirow; 7.7%, Pron-wiroH; 0.13%,Er(ROH—W); 0.05%
increase in the number of thermal collisions between W and in both Er(W) and Er(ROH). These results are satisfying
ROH that are required for H-bond formation. The latter entails because the differences are small. More importantly, there was
an increase in the time required for the alcohol molecule to not a single case where the previously determined order of
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E/(30)

Figure 7. Solvent polarity/temperature/solvent composition contours
for RB in EtOH-W.

preferential solvation was inversed, namely, ROH W,
ROH-W > W, and ROH (results of calculations not listed).
Consequently, use of the new &fjssoc does not entail any
revision of our previous conclusions regarding thermosolvato-
chromism.

(i) The quality of our data is shown by the valuesyéfand

r2 and by the excellent agreement between calculated anddecreasefm, Er(30)eor ET(30)w, ¢ROMH-W/ROH,

experimental Er(30)ROH and E(30)W, respectively. The
polynomial dependence of observEg(30) onyw, at 25°C,
has been reported elsewhé?&he corresponding dependence
for EtOH, as a function of temperature is reported in Table SI-4
of the SI.

(i) Figure 7 and all other plots ofEr(30) vs solvent
composition (not shown) indicate that RB is preferentially
solvated by ROH, in agreement with the very low solubility of
this probe in water, 7.2 10762

(iv) In discussingg, it should be born in mind that the
zwitterionic form of the probe is the solvatochromic one, that

J. Phys. Chem. A, Vol. 110, No. 34, 20080293

O(R)Hron, that is, the two hydrogen atoms markeditalic

are the sites for hydrogen bonding with the probe phenolate
oxygen. As argued elsewhere, this ROW association partially
deactivates i toward further hydrogen bonding, this deactiva-
tion is greater the stronger the basicity of the alcféf.This
conclusion has been recently corroborated by FTIR work on
aqueous mixtures of 1-PrOH. Thus, the frequencies of the
stretching and deformation vibration modes @f & the hydrate

are both blue-shifted relative to the corresponding frequencies
of bulk water3” Point (c) shows that preferential solvation by
ROH-W increases as a function of increasing the hydrophobic-
ity of its organic component. This conclusion agrees with the
order of gwron discussed above and with the fact that
PROH-WW = PROH-W/ROH- This is becaUS@ROwa/\N is related

to the difference between hydrogen bonding plus hydrophobic
interactions of ROHW vs only hydrogen bonding by water
(see eq 3). On the other hand, both hydrogen-bonding and
hydrophobic interactions contribute to solvation by the two
solvents that defin@ron-wiron (S€€ eq 4).

(vii) Examination of thermosolvatochromism in aqueous
ethanol, Table 5, shows that a temperature increase results in a
andgror-ww
and anincreaseof gwron. The decrease in polarities of the
pure solvents can be attributed to a decrease of solvent
stabilization of the probe ground state, as a result of the
concomitant decrease of solvent structure and hydrogen-bonding
ability.2857 Preferential “clustering” of water and alcohol as a
function of increasing temperature means that the strength of
ROH—-W interactions alsodecreasesin the same direc-
tion 28:34.58.59yith a concomitant decrease in its ability to displace
both water and alcohol. This explains the decreage:efi-wron
and gron-ww a@s a function of increasing temperature. It is
known that the structure of water is less affected by increasing

is, the probe acts as the hydrogen-bond acceptor through itstemperature than that of alcohdfsThat is, hydrogen bonding

phenolate oxygef? There are also hydrophobic interactions of water with the probe ground state is less susceptible to
between the probe and the alkyl chain of the alcohol (either temperature increase than that of its ROH counterpart. This leads
pure or as ROH-W). Therefore, preferential solvation is expected tg 3 measurable “depletion” of ROH in the probe solvation

to depend on thely, and hydrophilic/hydrophobic character of

microsphere at higher temperatures, so thalron increases

both the probe and the alcohol. Where these two properties areas a function of increasing temperature.

compared, we restrict our discussion to MeOH, EtOH, and

(viii) The fact thatall E1(30)ROH-W are much closer to

1-PrOH, to avoid complications due to steric effects (in the case Er(30)ROH than toEr(30)W is interesting and may be taken

of 2-PrOH and 2-Me-2-PrOH).

(v) For all alcohols, and for EtOHW at all temperatures,
@wron < 1. This indicates that the alcohol is always favored
in the competitive solvation by pure solvents. The importance
of RB—ROH hydrophobic interactions is shown in Table 4,
where the order ofpwron is (MeOH) > (EtOH) > (1-PrOH),
that is, the longer the chain length of the alcohol, the higher is
its preferential solvation of RB. Thekg values of these alcohols
are 15.5, 15.9, and 16.1, respectivéidydrogen-bond donation

to the phenolate oxygen of RB decreases as a function of

increasing the I§, of the alcohol, that is, the order ¢fwron

to indicate that the properties of this mixed species is dominated
by those of the alcohol. This conclusion is corroborated by the
fact thatguW/ROH is less than Uﬂity, and &ﬁWRQH_W/ROH values

are < gpwron-ww- It is possible that this susceptibility to
solvation by the alcohols is somewhat enhanced because of the
very hydrophobic character of RB.

Conclusions

Thermosolvatochromism in binary solvent mixtures can be
described by a model based on exchange equilibria between

should have been the inverse. This attenuation of hydrogenthe species present in solution (W, ROH, ROW) with ROH

bonding, however, is more than compensated for by probe
ROH hydrophobic interactions.

(vi) Regarding the fractionation factors of RGHV of Table
4, the following can be observed: (a) Alwron-wron and
@pwron-ww Values are>1; (b) all pwron-wiron values are
< @pwron-wiw; (€) the order for both fractionation factors is
MeOH < EtOH < 1-PrOH. Point (a) indicates that RB is
preferentially solvated by ROH-W. Point (b) shows that
ROH-W is more efficient in displacing water than alcohol from

and/or W present in the probe solvation microsphere. Applica-
tion of this model requires knowledge of the effective concen-
trations of the above-mentioned solvent species, basédiQn:

and their exchange equilibria in the solvation microsphere
(defined byg). KgissociS Obtained by iteration from density vs
composition data, by use of an equation that calculdges-w

and Kgissoc Simultaneously. This approach may be suspect due
to multicollinearity. Reliable values &ron—w may be obtained

by ab initio calculations, corrected for the nonideality of the

the probe solvation microsphere. Since the alcohols employedbinary solvent mixtures at different temperatures. The COSMO-
are more basic than water, we can assume that the structure oRS solvation model gave better fit to the density data than the
the complex species is given by the following:,HO—H--- IEFPCM model Vron-w is then employed as a constant in the
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