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Introduction 0.0 2

Recently a unified solvation scale of solvent polarity was
developed which allows one to estimate the influence of

nonspecific solvation on a wide variety of physicochemical ands values for 14 protonic solvents. A similar approach has
properties of solutésising eq 1, wher8 is the solvent polarity  peen used to study acceptor solutes dissolved in donor sofvents.
The unified solvation scale also provides a useful way of
x=SP+W ) probing more subtle molecular interactions. For example, the
pattern of the deviations observed in the electronic transitions
of 4-nitroaniline in a wide range of solvents suggests that charge
transfer interaction occiér.Separating specific and nonspecific
solvation has provided new insights into the influence of the
solvent on electron transfer processes in metalloCearad the
role of ion-pair formation in the decarboxylation of benzisox-
azole-3-carboxylate iorfs.

A search of the recent literatdré4 has produced 10 new
solutes whose solvatochromism have been studied in detail. The
objective of this paper is to use these ten solutes with varying
geometrics to test the predictive ability of the unified solvation
scheme. In so doing, new insights concerning the meaning of
the probeEg* and Cg* parameters result. The incorporation
of these ten new solutes leads to the addition of eleven new or
improved solven8 parameters. The structural formulas of the
three organic compounds, are given in Chart 1.

c. 2-fluoro-7-nitrofluorene, FNF10

parametery (having energy units) is the solvent dependent value
of the physicochemical property of the solukejs a measure

of the susceptibility of the solute to solvation, aWdis the
value ofy whenS is zero. Values fo have been established
for over 50 solvents using data for more than 30 soléité&ew
solutes and solvents are readily added.

Nonspecific solvation involves the types of interactions treated
with the reaction field or Kirkwood approach. Solvent
reorganization occurs to form a dynamic cavity surrounding the
solute molecules. The size, shape, and charge distribution of
the cavity are complimentary to those of the solute molecules.
Solvent molecules comprising the cavity are oriented to optimize
the interaction of the solvent with the probe. The solvent
properties in the vicinity of the solute may be quite different
from those of the solvent, so dipole moment, polarizability, or

permitivity are often not good predictors of solvent effects. Energies are expressed in*@m%. The solvent §, Ex’,

Deviations from eq 1 occur whenever specific interactions ) :
. ) . andC,") and solute parameter®,(W, Eg* and Cg*) used in
(such as hydrogen bonding and charge-transfer interactions) or A) P ( 5 8")

solute aggregation are present. One way of handling suchdata fits have been reported previously.
systems is to recognize the existence of the specific interactionsResults and Discussion

and then to treat the nonspecific solvation of the deramrceptor
adduct separately. The and C approach has been used to
compute specific solvation involving hydrogen bonding solvents
and donor molecule solutés.For these cases, the unified
solvation equation is modified to

Nonspecific Solvation Interactions. The first set of solvent
shifts analyzed involve solutes that are being solvated by
nonspecific interactions. The results are displayed graphically
for W(CO)bpy and DMANBIT in Figure 1. The average
deviations are 0.14 and 0.10. Similar quality fits result for all
% =E Eg* + C,/Cg* + SP+W ) Ell_we probes and only the resultifgandW values are given in

able 1. All data fits are available as Supporting Information.

DMANBIT, DMANF, and FNF display positive (bathochro-

whereEx' andC,' are the solvent acceptor parameters B . . e ’ .
A A ptorp g mic or red) solvatochromic shifts in which the absorption peak

and Cg* are the solute donor parameters. The terifg Eg*
oA & ; o

+ Ca (;B ) relate to the specific solvation contribution to the (6) Drago, R. SJ. Org. Chem1992 57, 6547,

formation of the hydrogen-bonded adduct and the ter& ( (7) Ferris, D. C.; Drago, R. SI. Phys. Chem1995 99, 6563.

+ W) to the contribution from nonspecific solvation of that  (8) Ferris, D. C.; Drago, R. SI. Am. Chem. S0d.994 116, 7509.

adduct. More than 200 physicochemical measurements, were (9) E{fgeg?%f%eﬂf\};g \c/\é%tr?mﬂi?c?;ig%ew' Chem. Int. Ed. Endl993 32,

used to obtairg* and Cg* values for 24 solutes ani’, Ca', (10) Catalan, J.; Lopez, V.; Perez, P Martin-Villamil, R.; Rodriguez, J.

G. Private communication.
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22,5 Table 2. Refined and NewS Values for Solvents
22 no. of no. of
2151 solvent solutes S solvent solutes S
21 4 C5H3(CH3)3 4 (154) CHCO,-n-CsHg 3 (199)
(n-C4Hg),0 8 1.57 (CH)sCO 10 2.35
20.59 CsHsCHs 9 1.66 CICHCHCL® 16 (2.35)
X 20 CeHsCl 9 1.98 GHsCOGHs 6 2.37
CH;COGH:s 7 2.50
19.51
aFits were obtained using eq 1. Values fowere obtained from
181 the appropriate literature sourc&andW values were obtained either
18.51 from this paper or ref 15. The results of the fits are given in the
Supporting Information® Those values 08 based on fewer than six
181 measurements are tentative and are enclosed by parentheses in the table.
17.5 P . . — . . . TheS values for toluene and cyclohexanone are unchanged from earlier
12 14 16 18 32 22 24 26 28 3 values but are included because a significant number of new probes

Figure 1. Experimental Transition Energy \& for W(CO)bpy @)
and DMANBIT (x). Key: 1, GHiz; 2, (GHs)sN; 3, CCl, 4,
(N-C4Ho)20; 5, (GHs)20; 6, O(CHCH,).0; 7, (CH)40; 8, CH-
OO,CoHs; 9, (CHy)sCO; 10, CHCOGHS; 11, (GHs0)sPO; 12, (CH),-
CO; 13, CHCON(CHy),; 14, HCON(CH),; 15, (CH)4COy; 16,
(CH3).SO. Key: kK= 10° cm™.

Table 1. Summary of Probe Parameters

were included in the calculatioA.These solvents have the potential
for hydrogen bonding an may include a contribution from this effect.

solvents were analyzed separately with eq 1 and the average
deviations are comparable. The complete fits are given in the
Supporting Information. ThEg* and Cg* values of the probes
should be regarded as tentative becauseQkieEs' ratios of

no. of av dev the solvents employed are similar. They can be used with

probe sovents P W B Gt (%Y confidence to predict shifts for hydrogen bonding solvents with
W(CO)bpy 18 237 1534-212 142 0.15(5) similar Ca'/Ep’ ratios. One of the advantages of the data
\l\’/‘lléfcoo)“)ggs;‘ 11g 221254 fg'gf:i:gé iﬁ 8:1‘11 Eig analysis _vyith eq 2. is t_he factoring of the shift into specific a_nd
Cr(COXbpy 16 2.36 14.68—-2.23 130 0.12(4) nonspecific contributions. For a given hydrogen bonding
cisRu(phen)(CN), 13 1.11 1699 0.83 0.47 0.12(21) solvent, the contribution from the specific interaction is given
Pt(bpy)Ch 7 1.86 20.58 b b 0.09(5) by Ea*Eg + Ca*Cg. For example, the specific interaction in
gmﬁgﬁ)&'ﬂ 12 _%_‘32 ggfg b0_82 _8_15 %%‘g((gg)) the case of methanol and W(Cpy cqrresponds te-1.03 x
DMANFE2 16 —1.29 2654 b b 0.16(7) 10 cm™Y). In the case of the coordination compounds, the
FNP 16 074 3180 b b 0.15(10) specific interaction decreases the spectral shift. This change is

= Aromatic solvents omitted. Measurements are not available ina in the opposite direction as that from an increased solvent
sufficient number of hydrogen-bonding solverft®ercent fit is 100 polarity. With DMANBIT the specific interaction for the
times the average deviation divided by the range of experimental values.acceptor solvents increases the shift, which is also in the opposite
direction of an increase in solvent polarity for this probe.

moves to longer wavelengths (smaller energies) as the polarity Insights Concerning the Nature of the Specific Interaction

of the solvent, as measured By increases. This behavioris from Eg* and Cg*. The signs ofEg* and Cg* have the
typical of chromophores undergoingrma— s* transition and potential of providing details about the nature of the specific
corresponds to more extensive solvation of the excited state tharninteraction of the probe and the solvent. Unfortunately, most
the ground state. The dipole moment change of the probe of the hydrogen bonding systems have similaf/En’ ratios
functional group induced by the transition is in the same leading to uncertainties in tH&s* and Cg* parameters. Before
direction, but larger than the ground state dipole moment. All interpretations based on sign reversals are made, it should be
three of these probes undergo charge transfer interactions inshown that a poor fit results whés* and thenCg* are set at
m-solvents. The remaining solutes, all of which are coordination zero in a data fit.
compqunds containing 1,}€phenanthroline or 252)ipyridine _ The signs of théEg* and Cg* values for the probes in Table
as a ligand, produce negative (hypsochromic or blue) shifts 1 iy pe discussed in general terms to illustrate the information
corresponding to alj_lr_lcreased transition energy resultlng _fr_om content. When the bond,-H—X, formed from the specific
o St b he round stte anelor SesabNZg eracto of e sobent X wih he probe s s bond i

: ' and bond polarity in the same direction relative to the probe as

dipole is in a different direction than the ground state dipole a noninteracting polar solvent, the solvent interaction with the

moment. L . . .
There is no evidence for charge transfer complexation of the trgnS|t|on momentdlpole, will causeandEs* to have the same
This is the case for many of the reported probes

carbonyl compounds with benzene or toluene solvent. Chlo- 3'9"- 1any >0 |
robenzene deviates in the same direction for all of the coordina- P2rameters. When the bond axis dipole of the specific interac-
tion compounds and could have a small contribution from fion is in a different direction than the nonspecific solvent
specific charge transfer interactions with the probe behaving asProPe dipole-dipole orientationP andEg* will have opposite
a z-donor. signs. This could occur, for example, in W(COpy if the
Calculation Involving Acceptor Solvents. Six of the hydrogen bonding involved the carbonyl group or #hsystem
reported solutes have been studied in enough hydrogen bondingf bipy and the probe dipole lay along a line from the metal
solvents to permit analysis with eq 2. Data in both hydrogen bisecting the two nitrogens. The metdigand transition into
bonding and nonspecifically solvating solvents are combined the bypy would create a dipole in a different direction than that
in the analysis. The probe parameters resulting from these fitsof the dipole-dipole hydrogen bond interaction leading to
are also summarized in Table 1. The valuesRaandW are destabilization of the excited state by the electrostatic component
nearly identical to those obtained when the non-interacting of the specific interaction.



Notes

The sign ofCg depends upon the influence of covalency in

the hydrogen bond on the energy of probe donor atom involved

in hydrogen bonding. This donor orbital is predominantly
contributing to the nonbonding MO of the three-center hydrogen
bond. The electrostatic component of the hydrogen bond
interaction will lower the donor orbital energy, but the covalent
component could lower or raise the donor orbital energy relative
to the energy of this orbital in the absence of hydrogen bonding.
The energy change is difficult to predict for it depends upon
the donor orbital coefficients in the bonding and nonbonding
MOQ'’s. The influence of the orbital energy on the signG*

for the different probes would depend upon the type of transition
involved. In the case of hydrogen bonding to bpy of W(@py,
lowering thes-orbital energy and raising* would increase
the transition energy and give a positi@. INDO result3®
predict that the specific hydrogen bonding interaction of water
with pyrimidine, pyridazine, and pyrazine produce red shifts in
the n— z* transition. The nonspecific interaction produces a
blue shift. Finally, the direction of the deviations for a given
probe in correlations t& will depend upon the magnitudes
and signs ofCg* and Eg*.

Addition of New Solvents. The availability of P and W
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Calculations

Electronic transition energies for each solute in different solvents
were fit to eq 1 using the multivariable regression program for those
solvents having well-establish&lvalues. The individual deviations
between the experimental and calculated energies were compared with
the average deviation of the data as a whole. Classes of solvents having
large deviations in the same direction were eliminated from the set
and the fit was re-run using the remaining solvents. Patterns in the
deviations of the classes of solvents which were eliminated suggest
that both specific and nonspecific solvation are involved.

Hydrogen-bonding solvents were removed from all ten sets of data.
Aromatic solvents were removed from the solute fits for DMANBIT,
DMANF, and FNF but not the seven organometallic compounds.
Charge transfer complexation is suggested in the organic solutes.
Chloroform and methylene chloride gave erratic results and were
eliminated from all fits. These solvents form weak hydrogen bonds,
thus, producing a mixture of hydrogen-bonded and non-hydrogen-
bonded solute species.

All ten of the solutes discussed above displayed significant deviations
when hydrogen-bonding, acceptor solvents are fit to eq 1. Four-
parameter regressions were run using &griiS, E»’, andC,' values
taken from the literaturg!®> At least five acceptor solvents were
included in each fit.

Supporting Information Available: Tables showing the experi-

values for these new probes leads to new, or improved, valuesmental data and the calculated values for all of the probes discussed in

of S for 11 solvents. The values & are summarized in Table
2.

(16) Karelson, M.; Zerner, M. Cl. Am. Chem. S0d.99Q 112 9405.

this article as well as a table of the systems used to calculateShew
values (7 pages). Ordering information is available on any current
masthead page.
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