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Approaches

Richard S. Moog,* Daniel D. Kim, Jessica J. Oberle, and Sara G. Ostrowski
Department of Chemistry, Franklin and Marshall College, Lancaster, Pepasid 17604-3003

Receied: March 30, 2004; In Final Form: July 12, 2004

The solvatochromism of several polar solutes, including some that contain both hydrogen bond-donating and
-accepting properties (coumarins 1, 102, 120, 151, 152, and 153; nile red; and 4-aminofluorenone), is analyzed
in terms of three models: the Reichardt single parantgtépolarity scale, the multiparameter Kami€faft
equation, and the reaction field model. We use a “step-forward” procedure to determine which terms of the
Kamlet-Taft equation are statistically significant in fitting the data. These equations provide the best fits to
the data in almost all cases. We also find a correlation between the parasateta, which quantify the

effects on the transition energy related to the solvatochromic paramétansl o, respectively. This relationship
suggests that the magnitude afs not indicative of the strength of the hydrogen-bonding interaction, but
rather reflects the additional field produced from the dipole moment of a hydrogen bond-donating molecule
that is held in an orientation that roughly parallels the solute dipole.

Introduction developed and refined by Taft, Kamlet, and co-workérg3

in which the various aspects of solvent effects on the spectra
of numerous solutes are parametrized in a multiterm solvato-
chromic equation, has been widely used for the past three
decades. For solvents that are neither aromatic nor halogenated,
the general form of the KamlefTaft solvatochromic equation
describing the transition energy is

Solvent effects on solute structure, reactivity, and properties
are important aspects of solution chemistry. One key approach
to understanding solvent effects is solvatochromism, the solvent-
induced changes in the electronic transitions of soltites.
Theoretical and experimental investigations of these effects, in
a variety of contexts, continue to be active areas of reséatéh.

Numerous methods for describing solvatochromism in terms v=v,+ ax + bj + s* )
of solvent characteristics have been proposed. One simple
approach has been to characterize these effects in terms of af hare o and $ measure the hydrogen bond donating and
empirical solvent polarity scaf@.In many cases the scale is accepting ability of the solvent, and its polarity/polariz-
based on spectral data from a single solute molecule, or by ability.14-16 In this equationa, b, ands are constants charac-
averaging the results from a few solutes. One such seq(e0), teristic of the solute, and their magnitudes (and sign) reflect
is based on a negatively solvatochromic pyridiniNfphenolate the relative influence of the corresponding solvesolute
betaine dye. Values dr(30) (and its normalized versioB;") interactions on the electronic transition energy.
have been determined for a wide variety of solvéntsaking In contrast, the reaction field approd&t” is based on a
it a common choice for characterizing the overall solvation effect iajectric continuum model and contains (in principle) no

with a single parameter. For example, this parameter has beery, y; staple parameters. The magnitude and direction of the shift

used recently to investigate the “polarity” of room-temperature i, tansition energy from that in the gas phase are determined

ionic "qmds's_'l_s The implicit aesumption _Of this _approach is by the dielectric constant{) and index of refractionn) of the
that the transition energy of a given probe in a variety of solvents solvent, and by the ground and excited-state dipole moments

will d?spley a Iinear dependence on this single parameter, (ui) of the solute and the radiua)(of the (assumed spherical)
resulting in a relationship such as solvent cavity. The specific relationship is presented in eq 3:

v=v,+ qE" 1 2
o . vy o= vy + AYF(eom)] + BU[EZ—J] 3)

wherevy is the transition energy of the probe in the absence of
any solvent effect (gas phase) ani$ a constant characterizing  whereAy andBy are given by
the solute. As has been pointed out previodglyis assumption
is only likely to be appropriate when the solutgolvent 2u (it — 1) #12 — ﬂzz
interactions found with the probe under investigation are similar Ay=———%— Bp=——7— (4)
to those encountered by the reference dye. hca hca’

Because a wide variety of solvergolute interactions, both
specific and nonspecific, may be responsible for the solvent and
effect on the properties of a given solute, a multiparameter e—1 24
equation that independently quantifies these various influences F(epn) = 0 _n (5)
can be useful. The empirical solvatochromic comparison method €©t2 n?+2
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R Ro TABLE 1: Solvent Properties?
A AN solvent * o B BV e n  F(e,n)
hexane -0.11 0 0 0.009 1.88 1.370 0.00
Ra~_ heptane -006 0 0 0.012 192 1.385 0.00
N o 0 ’|“ S 0 methylcyclohexane  0.00 0 0  0.006 2.02 1.424 0.00
Rs decalin 0.09 0 0 0.015 2.15 1.4860.01
butyl ether 0.18 0 0.46 0.071 3.08 1.397 0.17
diethyl ether 0.24 0 0.47 0.117 4.20 1.350 0.30

Figure 1. Structures of various coumarins: coumarin 1 (C1),=R
CHs;, Rs = C;Hs; coumarin 102 (C102), R= CHs; coumarin 120
(C120), R = CHs, Rs = H; coumarin 151 (C151), R= CF;, Rs = H;

coumarin 152 (C152), R= CF;, R = CHjg; coumarin 153 (C153), R

ethyl acetate 045 0 045 0.228 6.02 1.370 0.40
tetrahydrofuran 055 0 0.55 0.207 7.58 1.405 0.44
propylene carbonate  0.83 0 0.40 0.472 64.92 1.420 0.70
dimethylformamide  0.88 0 0.69 0.386 36.71 1.428 0.67

Ch. dimethyl sulfoxide ~ 1.00 0  0.76 0.444 46.45 1.478 0.66
acetone 0.62 0.08 0.48 0.355 20.56 1.356 0.65

‘ o acetonitrile 0.66 0.19 0.31 0.460 35.94 1.342 0.71

N 2-methyl-2-propanol  0.41 0.68 1.00 0.389 12.47 1.390 0.56

X 2-propanol 0.48 0.76 0.95 0.546 19.92 1.375 0.63

. 1-butanol 0.47 0.79 0.88 0.586 17.51 1.397 0.61

ethanol 0.54 0.83 0.77 0.654 24.55 1.359 0.67

E6LN o o methanol 0.60 0.93 0.62 0.762 32.66 1.327 0.71
NR ar N 2 ¢, andn values are predominantly from the listing in ref 27. The

Figure 2. Structures of nile red (NR) and 4-aminofluorenone (4AF). Values for those solvents not listed in that paper are from the following:
Weissgerber, AOrganic Solents 2nd ed.; Wiley Interscience: New
. - York, 1970. All values are for 258C except for heptane, methylcy-
Although _the Onsag_er functlonS)E(_— 2(x — 1)/(2x + 1)_ clohexane, butyl ether, and butyl acetate which are &2 (e.,n) is
are more Wldely used in the formulation of the reaction field as defined in eq =N values are from ref 2 except for methylcyclo-

expressiort, we employ the Debye polarity functions for hexane (estimated based on a value of 0.006 for cyclohexane). Values
consistency with prior repor:28 In any case, it has been for a.andp are from ref 22, as are* values for the alcohols. For all
pointed out previously that the two formulations “are in effect Other solventsz* values are from ref 23 except for methylcyclohexane
so close as to be virtually indistinguishable in solvatochromic (estimated based on the value of 0 for cyclohexane).

shift measurements.”

. than 0.1 in a 1-cm cuvette with a SPEX Fluorolog 111.
Cog(:;;erigtcl)ﬁgn\?';ﬁgsvézdzthget;2;?;&*3&32;2Igg:tzcrhdrggﬁptiOnFoIIowing background subtraction, fluorescence spectra were
’ : ' S corrected for instrument respor®eThe transition energyy,
of the solvent effects on the absorption and emission spectra ofWas generally calculated by using eq 6:
several coumarin dyes than does the reaction field model. We '
observed a greater difference in the quality of the fits of the 1 1
two models as the hydrogen bond-accepting ability of the _lh + 4 6
coumarin increases, not a surprising result given that the reaction V= 2 ©6)
field model does not account for any specific solvesolute
interactions. In this paper, we extend this investigation to a wherely and, are the wavelengths corresponding to the points,
broader range of solutes, including some that contain both on the high- and low-energy sides, respectively, at which the
hydrogen bond-donating and hydrogen bond-accepting groups.spectrum exhibits half of its maximum intensity. (The few
We also introduce a stepwise multivariable regression analysisexceptions are noted in Table 2.) This simple expression, which
to determine which of the KamlefTaft solvatochromic param-  provides a reproducible and readily obtainable energy for each
eters are significant in fitting the data for each system. We spectrum, has been used previously in similar conf&3a%All
examine the solute parameters obtained by this analysis, andeported energy values are the average of between two and five
provide an interpretation of their significance. separate measurements.
Some of the data presented here for C1, C102, C152, and
) C153 have been reported previougiye have repeated many
Experimental Methods of these measurements under conditions in which water has been
more stringently excluded; thus, in those cases where discrep-
Laser-grade solutes were obtained from Aldrich, Acros ancies arise, the more recent results should be considered to
Organics, or Eastman Chemical and used as received. The'eplace those reported previously. In addition, the values*of
structures of all eight probes are shown in Figuresl and 2. used here for the alcohols are different than those in our previous
Solvents were obtained from Aldrich and were spectroscopic Work, with those reported here being more commonly used for
or anhydrous grade if available. Otherwise, the highest purity the investigation of spectroscopic correlations. These changes
grade was used. The alkanes (Wlth the exception of Deca]in) have relatively little impaCt on the quallty of the fits to the data.
were distilled over calcium hydride in a nitrogen atmosphere The most significant difference is a general decrease of 10
prior to use, and then stored over 3A molecular sieves. All other 25% in the values o for the fits to the solvatochromic model,
solvents were used as received and then stored over 3A or 4Acompared to those determined previoudly.
sieves. The solvents are listed in Table 1, along with relevant  There are two statistical analyses relevant to our model-testing
physical parameters and solvatochromic values. procedures. To describe our approach we introduce several terms
All spectra were recorded at 297 K. Absorption spectra were related to the analysis of variance (ANOVA). We define
collected with a Perkin-Elmer Lambda 6, Perkin-Elmer Lambda _
40, or a Hitachi U-3000 spectrophotometer. Fluorescence spectra Sgfit) = Z(yi"bs— 2 )
were obtained on samples with maximum absorbance of less T
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TABLE 2: Absorption and Emission Energies, v2
C1 Cl C152 Ci152 C102 C102 C153 (C153 C151 Ci151 C120 C120 NR NR 4AF 4AF

solvent abs em abs em abs em abs em abs em abs em abs em abs em
hexane 28.67 25.57 27.24 2359 27.77 24.60 25.67 22.23 29.24 24.81 30.72 26.54 20.69 18.24 24.08 19.62
heptane 28.66 2553 27.10 2354 27.67 24.71 2555 2222 29.18 24.78 30.61 26.59 20.60 18.21 24.01 19.56
MCH 28.54 2546 26.98 23.44 27.66 24.60 2549 22.13 29.06 24.70 30.57 26.48 20.48 18.13 23.95 19.50
decalin 28.37 25.32 26.81 23.28 27.52 24.32 25.16 2199 28.86 24.49 30.43 26.24 20.31 17.96 23.83 19.42
butyl ether 28.32 24.77 26.63 2217 27.46 23.96 25.14 21.05 27.80 2280 29.82 2531 20.12 17.42 23.15 18.04
diethyl ether  28.37 24.56 26.48 21.67 27.41 23.62 24.95 20.82 27.68 22.62 29.73 2528 20.01 17.16 2294 17.95
ethyl acetate 28.08 23.92 26.16 20.58 27.09 2297 24.67 19.74 2759 21.94 29.69 2485 19.60 16.61 22.75 17.33
THF 27.86 23.88 26.04 20.58 26.97 23.00 24.45 19.72 27.17 21.82 29.28 24.79 1940 16.53 2243 16.81
PC 27.37 22.76 2552 19.43 26.60 21.78 23.95 18.76 27.24 20.99 29.28 24.05 18.85 15.87 22.38 16.27
DMF 27.36 22.86 25.45 19.36 26.38 21.86 23.92 18.74 26.52 20.63 28.70 23.80 18.75 15.86 21.75 16.05
DMSO 27.07 2255 25.23 18,99 26.21 21.66 23.72 18.39 26.25 20.31 2845 23.47 1852 1566 21.38 15.59
acetone 27.68 23.22 25.86 19.85 26.72 22.26 24.45 19.12 27.28 21.31 2438 19.16 16.14 22.37 16.73
acetonitrile 27.47 22.83 25.77 19.64 26.55 21.83 24.15 18.92 27.60 21.16 29.64 24.19 1894 1598 2259 16.30
2-Me-2-PrOH 27.50 2291 25.82 19.92 26.41 21.88 24.25 19.22 26.25 20.74 28.58 23.43 18.82 15.98 22.29 15.44
2-propanol 27.20 2252 25.64 19.52 26.22 21.57 24.08 18.85 26.35 20.56 28.55 23.25 18.72 15.75 (22.20) 15.13
1-butanol 27.23 22.33 25.58 19.42 26.17 21.39 24.03 18.74 26.37 20.46 28.48 23.13 18.68 15.77 (22.20) 15.29
ethanol 27.27 22.19 25.62 19.28 26.16 21.16 24.03 18.56 26.58 20.41 28.58 23.11 1863 15.62 (22.26) 14.90
methanol 27.09 21.90 25.64 18.98 26.05 20.97 23.99 18.33 26.80 20.24 28.79 22.99 1850 15.48 (22.32) 14.60

aTransition energies;, are as described in eq 6 and are in units ofd@ . The uncertainty in each value is estimated to be 20'cifhose
values in parentheses were not obtained with eq 6, but are estimates based on the observed absorption3mAkimnevmations: MCH,

methylcyclohexane; THF, tetrahydrofuran; PC, propylene carbonate;
2-methyl-2-propanol.

and

Sgdata)= "} (v~ y)° (8)

wherey;°bs is the experimentally observed energyi is the
energy calculated from a fit to the data, apds the mean
experimental energy of a given data set. The goodness-of-fit
parameteiR? can then be expressed as

Sgfit)

Ri=1- Sgdata)

©)

In essenceR? gives the percentage of the variation in the

DWN-dimethylformamide; DMSO, dimethyl sulfoxide; 2-Me-2-PrOH,

Emission Intensity

350 400 450

Wavelength (nm)

500 550

Figure 3. Emission spectra of C1 in methylcylcohexane (left), butyl

observed energi(_es that is explaineq by the model. In general’ether (center), and acetonitrile (right). The emission intensity is arbitrary.
the “best” model is the one that provides the largest percentage

“explanation” of the data, suggesting that the model with the decreases, this indicates that the introduction of the new variable

highest value oR? is most appropriate. However, becail®se

will necessarily increase as the number of fit parameters
increases, an adjustment is necessary for comparisons mad
between models with different numbers of parameters. The
standard approach for dealing with this situation is to use the
adjustedr? (adj R?), which statistically accounts for the number
of independent variables in each model:

_ SHit)(N—p)

(10)

Here,N is the number of data points ampdthe number of fit

does not significantly reduc8Sfit) and the term is rejected.
This is a well-known approach referred to as a “step-forward”
Procedurel

All statistical analyses were performed with Datadesk 6.1
software.

Results

Figure 3 shows a typical example of the solvent effect on
the lowest energy peak of the electronic spectrum of these
probes. In highly polar solvents, this peak is generally feature-
less. In the alkanes and less polar solvents, some broad shoulders

parameters. To choose between the three models for a giverappear, and in some cases two distinct peaks (or additional

data set, we select the one giving the highest value oR&adj
The F-statistic orF-ratio is defined by

{SYdata)— SKfit)}/(p — 1)
Sgfit)/(N — p)

F measures the reduction in the variance resulting from the fit

F

11)

features) are present. Although more sophisticated analyses (for
example, curve-fitting to a log-normal function) are possible,
the average frequency defined by eq 6 provides a simple way
to quantify the transition energies independent of substantial
changes in line shape. This approach is also consistent with the
analysis presented in our previous reg8rt.

With the exception of the absorption spectrum of 4AF, this

and can be used to determine if the inclusion of an additional lowest energy feature is clearly separated from any other spectral
parameter in the equation leads to a statistically significant peak, so that eq 6 can be easily applied. For the absorption
improvement in the fit. IfF increases when a new variable is spectra of 4AF in four of the alcohols, eq 6 cannot be used

introduced, then the additional term is considered to significantly because of the presence of a second, stronger absorption at
reduce SSfit) and the term is retained; conversely, K slightly higher energy. For these cases, we estimated the value



Electronic Transitions of Highly Dipolar Dyes J. Phys. Chem. A, Vol. 108, No. 42, 200@R97

TABLE 3: Representative Fitting Results from Eq 22 to eq 2. The addition of either the term or thes term alone
Vo s a b E results in an increase iR, with the s term providing the larger
C120abs 30.25 (0.41)-1.99 (0.78) 26 increase. When all three terms are mclgdéqts thellargest .of.
30.42 (0.25) —1.75 (0.46) —1.13 (0.40) 55 all, indicating that all three terms are significant in describing
30.63 (0.13) —0.77 (0.29) —1.84(0.28) 250 the dependence of the transition energy on solvent parameters.

30.61 (0.09) —0.95 (0.21) —0.40 (0.18) —1.43 (0.26) 386 This result is chemically reasonable: C120 contains both

C102em 23144155(&533):2-8 2(1(-01)24) 1.05.(021) 53;3% hydrogen bond-donating and -accepting sites, so a dependence
2455 (0:50) 55 (1_1') ' 49 (1.1) 20 on botha andp is not surprising.
24.44 (0.14) —3.07 (0.34) —2.00 (0.31) +0.10 (0.44) 371 For C102 emission, the fit to the single solvatochromic
C152abs 26.88(0.17)-1.84(0.32) 131 parameterr* again has a very low value. The addition of the
g?:g; 58:(1)8 :ﬂg Egég; ~0.54(0.11) 0.69 (0.23) ggg o term results in a large increasekn When botha andg are

27.01 (0.05) —1.57 (0.13) —0.39 (0.12) —0.30 (0.16) 613 included in the fit, howevels decreases substantially compared

2 All values for the fit parametersi, s, a, b) are as defined in eq to the value Wlﬂu along. Thls re;ult .|n.d|cates that the |nc[u3|on

2 and are in units of Frm™. The valués’in’parentheses represent the Of, the 5 term ,'S not significant in fitting the data, consistent
95% confidence limits. The four entries for each set of data represent With the chemical structure of the solute. There are no hydrogen
four separate fits. In each case, the parameters from eq 2 that werébond-donating sites on C102, so there is no expectation that
included in the fit have a result presented in the table. The fit with the the electronic transition energy should depend on the hydrogen

highest value of= (shown in bold) includes those parameters that are pond-accepting ability of the solvent.

significant in describing the data. Table 4 shows the results of this procedure for all 16 sets of

transition energies. The significant solvatochromic parameters
from eq 2 are presented, along with the corresponding values
of F and adjR2. The values of adR? are all above 0.971, with
12 of the 16 fits having values of aBf greater than 0.980.
The average value is 0.986. Thus, all of the sets of data are

of v from the absorption maximui#. The absorption and
emission energies for all eight of the solutes in the eighteen
solvents are shown in Table 2. The aprotic solvents are listed
first, followed by the five alcohols studied. Both solvent sets
are arranged roughly in order of increasing “polarity” as

measured by, for example, their valuesaN or z* (see Table well fit by eq 2 includingz* and one or both ofx andg. In all
1). In general, there is a decrease in transition energy with but one instance, the resulting equations contain solvatochromic

increasing solvent polarity, as expected for transitions in which terms that are reasonable given the chemical structure of the

the excited state dipole moment is considerably larger than theSOUt€ species. The lone exception is for the absorption data
ground-state dipole mome#.There is clearly a difference, for C152._ In this case, the “step-forward” procedure re_sults in
however, in the magnitude of the solvent effect on these dyes, 2" €quation that includes /& term, even though there is no
with the range of observed energies of a particular dye varying NYdrogen bond-donating moiety in C152. Table 3 shows the
from as little as about 2000 crh for some of the absorption  details of the “step-forward” analysis for this case. The fit
energies to as large as 5000 ¢nin the case of 4AF emission.  Including f does have the highest value &t This is an
There are also specific differences in the details of how the Unéxpected (and nonphysical) result. We note, however, that
transition energies vary as a function of solvent. These differ- ("€ magnitude of théo parameter in this fit is quite small,
ences are particularly evident in the results for the alcohols, indicating a relatively weak dependence, and the reported
the bottom five entries in the table. As mentioned above, these UNCertainty is over 50% of its magnituéeOther than this one
alcohols are listed in order of increasing “polarity”; they are Slight anomaly, this procedure provides a statistically valid
also in order of increasing and decreasing. Note that for method for obtaining chemically reasonable expressions in all
most of the cases, the transition energy shows a general decrease?S€s:
(with varying magnitude) toward the bottom of the column. Table 4 also shows the results of fits of the absorption and
However, this pattern is not observed for the absorption emission data to the other two models: the linear dependence
transitions of C151, C120, and 4AF. The unusual trend is most on the polarity parameteN given in eq 1 and the reaction
apparent for C151, for which there is a monotoimicreasein field model of eq 3. The criterion for determining which of the
energy. These variations in the general trends for different three models best fits a particular set of data is the value of
solutes are indicative of differences in the details of the solvent adjR?; the highest value of ad? for each set of data is shown
effects on the electronic transitions in these dyes. in bold in the table. As a typical example, we examine the results
Previously?8 we showed that the solvatochromic model for C120. For both absorption and emission data, the solvato-
provides a better fit than the reaction field model for several of chromic model has the highest value of &fjand therefore is
the dyes studied here. In that work, the solutes were all considered to be the most appropriate model. To provide a sense
coumarins containing no hydrogen bond-donating groups; all of the relative quality of fits with different values of aff, the
data were fit to eq 2 omitting thg term (i.e.,b was set equal residualsvcac — vexp fOr absorption and emission energies in
to 0). Here, we make no assumptions concerning the presenceC120 for the three models are presented in Figure 4. Note that
or absence of the or  terms in the solvatochromic equations the solvatochromic model displays relatively small residuals,
for any given dye. We use a statistical analysis to determine whereas the spread is noticeably larger for the reaction field
which of these terms are significant in describing each data set.model. In particular, note that the relatively large residuals for
This analysis is not necessary for our other two models: eq 1the alcohols with the reaction field model (shown as open
contains only one term (other than the constant term), and all squares) are not randomly distributed about 0 as they are for
terms in eq 3 are required by its theoretical construction. As the solvatochromic model (shown as filled squares). As we noted
described above, we use the “step-forward” fitting procedure in our previous worke the reaction field model fails to account
to determine which terms in eq 2 are statistically significant in for the separation of the data at high polarity values into two
fitting the data. Table 3 shows the results of this procedure for groupings, with the alcohols giving transition energies that are
three representative cases. For the C120 absorption data, thgenerally lower than those from polar aprotics of roughly
F-statistic is very low when only the* term is included in fits comparable polarity. TherN model also shows larger residuals.
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TABLE 4: Best Fits to Various Models?

solvatochromic model E:N model reaction field model
Vo s a b F adj R? Vo q adjR? Vo Ay By adjR?
C1l abs 28.58 —-1.40 —-0.77 421 0.980 2850 —2.24 0.891 29.79 -—-1.81 —-7.14 0.914
(0.07) (0.12) (0.112) (0.15) (0.38) (0.50) (0.16) (2.01)
Clem 2535 —296 —1.90 757 0.989 2524 —5.12 0.946 25.86 —4.40 —1.36 0.930
(0.12) (0.20) (0.18) (0.23) (0.59) (1.87) (0.60) (7.48)
Cl52abs 27.01 -—-1.57 -0.39 —-0.30 613 0.991 26.81 —2.27 0.761 28.66 —2.27 —6.65 0.983
(0.05) (0.13) (0.12) (0.16) (0.24) (0.61) (0.44) (0.14) (1.78)
Cl52em 23.13 —4.52 —-1.81 284 0971 22.80 —6.49 0.829 2460 —6.12 —5.01 0.979
(0.14) (0.45) (0.20) (0.56) (1.42) (1.38) (0.44) (5.54)
Cl02abs 27.66 —1.37 —0.96 733 0.989 27.60 —2.42 0.923 2841 -—2.08 —2.80 0.872
(0.05) (0.10) (0.09) (0.13) (0.34) (1.20) (0.39) (4.83)
Cl02em 2445 -3.02 -1.95 587 0.986 2434 524 0.944 2495 -—4.50 -1.31 0.930
(0.13) (0.24) (0.22) (0.24) (0.62) (1.81) (0.61) (7.63)
Cl53abs 2542 -1.71 —0.60 538 0.984 2528 —-2.34 0.782 27.10 -—2.28 —6.60 0.974
(0.07) (0.12) (0.10) (0.23) (0.58) (0.57) (0.18) (2.27)
Cl53em 21.89 -3.80 —1.57 327 0975 21.62 -5.53 0.843 23.14 -5.17 —4.30 0.977
(0.19) (0.35) (0.31) (0.46) (1.15) (1.22) (0.39) (4.88)
Cl51abs 29.06 -1.13 -0.18 -—2.22 2406 0.998 2856 —3.55 0.666 30.69 —3.41 —-7.41 0.786
(0.05) (0.11) (0.10) (0.14) (0.48) (1.20) (2.65) (0.85) (10.63)
Cl5lem 2445 -3.31 -1.23 -161 249 0.978 2394 -6.34 0.818 2545 -5.88 —4.01 0.935
(0.23) (0.54) (0.49) (0.69) (0.57) (1.44) (2.37) (0.76) (9.50)
Cl20abs 30.61 -0.95 —-040 —1.43 386 0.986 30.30 —2.83 0.727 31.84 -2.65 —5.49 0.790
(0.09) (0.21) (0.18) (0.26) (0.34) (0.86) (2.10) (0.67) (8.44)
Cl20em 26.36 —2.19 -155 —-1.02 785 0.993 26.13 —4.97 0.895 26.93 —4.25 -2.21 0.860
(0.10) (0.23) (0.21) (0.29) (0.33) (0.82) (2.63) (0.84) (10.52)
NR abs 20.47 -195 -1.01 1316 0.994 20.34 —-3.04 0.879 21.73 -2.78 —4.78 0.948
(0.05) (0.10) (0.08) (0.22) (0.55) (0.99) (0.32) (3.98)
NR em 17.96 —2.51 -1.23 381 0.978 17.80 —3.85 0.868 18.71 —3.53 —2.47 0.968
(0.12) (0.22) (0.20) (0.29) (0.73) (0.99) (0.32) (3.95)
AAF abs 23.94 -—1.58 —1.09 842 0.990 2354 —2.58 0.605 26.01 -2.75 —8.81 0.894
(0.07) (0.15) (0.16) (0.39) (0.99) (1.42) (0.46) (5.68)
AAF em 1935 —-3.06 —222 —1.18 512 0.989 19.07 —6.76 0.903 19.33 —4.01 —2.60 0.932
(0.16) (0.39) (0.35) (0.49) (0.42) (1.07) (0.40) (2.16) (1.86)
mean 0.986 0.830 0.917

a Solvatochromic model represents the fits to eq 2 with the largest valle BfN model represents the fits to eq 1. Reaction field model
represents the fits to eq 3. All values for the fit parameters are in units®afnd@. The values in parentheses represent the 95% confidence limits
in these fit parameterd/alues for adjR? andF are defined in eqs 10 and 11, respectively. For each set of three fits, the model with the highest
value of adjR? is shown in bold.

Particularly noticeable is the poor fit for the alcohols, for which providing a simpler explanation for the solvatochromism of
the residuals are not only relatively large, but vary greatly from several dyes than that implied by a correlation with Bz€30)
positive to negative. This is again a reflection of the inability paramete?®

of this model to properly account for the additional effects of  The reaction field model, with an average value of Bipf

specific hydrogen-bonding interactions. 0.917, provides a better fit thayN in 12 of the 16 cases, and
for many of these it is a significantly better fit. However, this
Discussion model does not generally provide a good fit to the experimental

data, and it is rarely equal (or superior) to the solvatochromic

We now assess the relative merits of the three models moremodel. The highest value of aBf for fits to eq 6 is 0.983;
generally. A first observation is that the fits ExN are never  even for this case, the solvatochromic model shows a higher
the best, and they are never as good as the fits with eq 2. TheadjR2. There are, however, two instances in which the reaction
highest value of adR? seen is 0.946; the average of the 16 fits field model provides the best fit: for the emission energies of
is 0.830. These poor correlations are not surprising for severalC152 and C153. Both C152 and C153 contain the highly
reasons. First, althoudiN is known to be sensitive to hydrogen  electron-withdrawing trifluoromethyl group, which is expected
bond donation, its response measures the particular mix of thisto decrease the hydrogen bond-accepting ability of the probe
effect relative to nonspecific solvation that is characteristic of compared to that of the equivalent species containing a methyl
betaine 30. That i is well described by a solvatochromic  group (C1, C102). In both cases, the BR8jvalues for the
equation includingz* and a, for which a/s = 1.3 (andb = solvatochromic model are close (and in the case of C153
0).23536As has been shown above, for all of the probes in this extremely close), but not quite as high as those for the reaction
study, there is a very good fit to eq 2, and these fits all relse  field model. These cases are also the wweestvalues of adR?
< 1; a poor correlation witherN is thus expected. In addition,  of all of the 16 fits with the solvatochromic approach. For the
several of the probes have the capability of forming solute-to- absorption energies for these two dyes, the solvatochromic
solvent hydrogen bonds through the amine hydrogens. This ismodel provides a better fit, but only slightly so (0.991 vs 0.983;
evidenced by the nonzero valueshoin fits to eq 1 for C120, 0.984 vs 0.974). For no other set of data is theRidjor the
C151, and 4AF. The betaine dyes used to generatéfhscale reaction field model above 0.980. We have previously noted
lack this capability; thus it is expected tHatN will not provide that when the alcohols are removed from the analysis, the fit to
an appropriate measure of the solvatochromic effect in thesethe reaction field model increases substantially for several of
cases. Kamlet et &l previously made a similar analysis in  these coumarin® These observations suggest that an inability
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TABLE 5: AM1 Calculated Properties*! of Various
Coumarins?®

u(S) u(S) Ocharge(y Ocharge(§  Ag
“C1"P 6.0 7.3 —-0.317 —0.327 —0.010
C102 6.1 9.9 —0.332 —0.331 +0.001
C120 5.8 8.3 —0.316 —0.293 +0.023
Ci151 5.5 10.6 —0.272 —0.268 +0.004
C152 5.7 13.3 —0.273 —0.286 —0.013
C153 6.4 13.9 —0.298 —0.306 —0.008

aDipole moments are in debyes. Charges are ESP fit charges for
the carbonyl oxygem\q is the change in charge on the carbonyl oxygen
(S1 — S). P These values are for C311, an analogue of C1 in which
the diethylamine group is replaced with a dimethylamine group.

0 1 1 1 1
11 13

Dipole Moment (D)

Figure 5. Correlation of|s| from solvatochromic equation fits (eq 2)
to ground- and excited-state dipole moments for the coumarins.
Calculated dipole momerttsare reported in Table 5 arglvalues are

15

Figure 4. Residuals for C120, calculated as the difference between from Table 4. Open circles represegtBoments and absorption values;
the energy predicted by the fit to one of the three models and the filled circles represent;Snoments and emission values. The solid line
experimental energy for each of the three models, plotted against theis a least-squares fit to all of the daf@ = 0.93.

experimental energy. The upper panel shows the absorption results and

the lower panel shows the emission results. The solvatochromic modelof the coumarins, thesz* term can then be thought of as

(eq 2) is represented by the filled symbols and the reaction field model predominantly describing the energy stabilization brought about

(eq 5) is represented by the open symbols. For these two models, th
circles represent aprotic solvents and the squares represent the alcoho

For theErN model (eq 1), aprotic solvents are represented<bgnd
alcohols are represented by

NY nonspecific dipole/dipole interactions. Previous auttfors

ave noted this correlation o for absorption energies with
the ground-state dipole moment for two groups of solutes. To
our knowledge this is the first demonstration of this simple

to account fully for hydrogen-bonding interactions prevents the relationship for both ground and excited-state dipole moments.

reaction field model from generally providing the best fit,

An examination of thea values is somewhat more compli-

although it can be an adequate model in some circumstancescated. For all eight dyes, the magnitude of &term is always

particularly when solvenrtsolute hydrogen bonding is expected
to be relatively minimal.
We now turn our attention to an examination of the various

larger for emission than absorption, suggesting that hydrogen
bond donation to the solute has a greater impact on emission
than absorption energies. A recent molecular dynamics simula-

solute fit parameters from the solvatochromic equation and any tion demonstrates a clear hydrogen-bonding interaction at the

insight we can gain from them. In general, we will restrict our

carbonyl oxygen of C153 in methanol solutidmn addition,

analysis to the results for the six coumarins because their previous authors have suggested a linear relationship between

structural similarities provide a simpler basis for drawing
conclusions. We first examine the solute paramstdfor all
of the solutes studied here, the magnitudes & significantly

|a] and [Ka.** A relationship betweeta| and the negative charge
at the carbonyl oxygen might thus be expected, based on the
idea that the strength of the hydrogen-bonding interaction (and

greater for the emission energies than for the absorption energiestherefore the magnitude of the effect on the transition energy)
as shown in Table 4. In addition, in all cases, the permanent would be enhanced by greater electron density. The calculated
dipole moment is known to increase substantially upon elec- charge on the carbonyl oxygen for each of the coumarins is

tronic excitatiort®3940Table 5 shows calculated dipole moments
for the six coumarind! These calculations reproduce experi-
mentally determined values reasonably #eknd are very
similar to previously reported calculated valdésrigure 5
shows the correlation ¢$§| with the dipole moment of the initial

presented in Table 8.A plot (not shown) ofial for absorption
versus these charges in the ground statg $8ows a rough
correlation R? = 0.68). However, if the excited state 1fS
charges and emission values farare included in the analysis,
there is essentially no correlation at &#(= 0.12). Although

state of the electronic transition. A linear regression, shown by there is a substantial increase |e for all of the emission

the solid line, givegs| = 0.3& — 0.74; R? = 0.93. Because

the #* parameter measures a combination of polarity and
polarizability of the solvent, it is perhaps not surprising that
the complementargparameter for the solute might be correlated
with its dipole moment. To the extent that any solvent dipole/
solute induced dipole interactions are roughly constant for all

equations, there is relatively little corresponding change in the
charge at the carbonyl oxygen. In addition, in three of the six
cases there is actually a rdgcreaseof negative charge at the
carbonyl oxygen upon excitation. Previous investigafidfs
have also reported relatively small changes in electron density
at the carbonyl oxygen atom in coumarins. If the magnitude of
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2.50 equation) as not due to any important changes in the hydrogen
200 bonding between thep&nd S states, but rather as just due to
~ their sensitivity (as parametrized bg)) to solvent-produced
E 150 electric fields.
) We next turn to an examination of thg term. First, we
% 1.00 point out that the “step-forward” procedure resultsir 0 in
= 050 9 of the 10 cases for which we would chemically expect no
dependence on the solvent hydrogen bond accepting ability. For
0.00 ‘ ‘ the six equations that includ® terms (excluding the nonphysi-
0.00  1.00 200 3.00 400  5.00 cal case described previously with C152) the three solutes

Is| (10° em™) (C120, C151, 4AF) all have amino groups that are capable of

Figure 6. Correlation of{al with |s| for the solvatochromic model, eq donating hydroggn bonds .to the solvent. Recent experimental
2, as reported in Table 4. Open circles represent absorption parametersaNd theoretical investigations have shown the presence of
filled circles represent emission parameters. The solid line representshydrogen-bonding interactions at both the carbonyl oxygen and
a least-squares fit to all of the daf& = 0.68. the amine functionality for gas-phase C151 complexes (and
small clusters) with water and with methariet5! In general,
there is a preference for hydrogen bond donation from the amine

ydrogens over interactions at the carbonyl oxygen when there

re small numbers of solvent molecules included in the model.
Although calculation®4143show a decrease in electron density
at the amine nitrogen upon excitation, there is very little change
in the partial positive charge on the amine hydrogens, and
excitation to $ does not appear to produce any large change in
the hydrogen-bonding interaction at this site. This result is
reminiscent of the situation at the carbonyl oxygen, for which
there is also little change in charge, or hydrogen-bonding
interaction, upon excitation frompy$o S;. However, unlike the
situation described above for thgparameter, we do not observe
a correlation ofb| with |s| or u, as we might expect if the two
situations were analogous. For the two coumarins, the emission
equation appears to have a slightly lower magnitudb tifan
the absorption equation, although given the size of the uncer-
tainties there may not be truly significant differences; for 4AF,
the two are essentially unchanged. An explanation for this
relative insensitivity ob to the electronic state of the solute is
not readily apparent. More detailed analysis of modeling results
examining the hydrogen-bonding interactions with the ;,NH
group may provide further insight into this issue.

awere related to the charge on the carbonyl oxygen, there would
be essentially no change ia between the absorption and
emission equations, and in some cases there would be a sligh
decrease. Instead, the magnitude@icreases substantially in
each case. This increase is by roughly the same amount-(950
1150 cnt?) in all but one of the coumarins studied. (For C152,
the change im is about 1400 cmt.) Thus, the negative charge

at the carbonyl oxygen cannot be used to explain the relative
values of|al in these systems, particularly for the emission
results.

In fact, |a] seems to be more closely related to the dipole
momentu (although still very roughly) than to the negative
charge on the oxygen atom. A regressiorjafversusu (plot
not shown), including both absorption and emission results for
the coumarins, results iR? = 0.62. Although this correlation
is still not very strong, it is significantly better than the
corresponding correlatiorRE = 0.12) with the charge on the
carbonyl oxygen. An even stronger relationsHi3 € 0.68) is
found betweena| and|s| for the coumarins, as shown in Figure
6. A possible explanation for this relationship involves a
consideration of the nature of the hydrogen-bonding interaction
at the carbonyl oxygen. We suggest that tlheparameter
provides a measure of the relative extent to which hydrogen
bond donation to the solute occurs, holding one (or perhaps a
few) solvent molecule in a particular, favorable, position. As Conclusion
mentioned above, molecular dynamics simulations show the
presence of a hydrogen bond from methanol to this site in C153.
Little change in this interaction is observed upon excitation from
S to S;,° consistent with the lack of substantial change in the

We have demonstrated that a “step-forward” statistical
procedure can be used to determine the significant terms in the
multiparameter solvatochromic equation description of electronic

electron density at the carbonyl oxygen upon excitation. transiFion energie§ for a variet)_/ of d?polar soluteg. These
Assuming that all of the other coumarins in this study provide €duations all provide very good fits, which are superior to the
at least roughly equivalent (if not significantly better) hydrogen theoretically based reaction field approach in almost all cases.

bond-accepting sites at the carbonyl oxygen, we expect that a'Ve als0 note a correlation between the solute parameterd

specific solvent molecule maintains a relatively strong hydrogen & Which quantify the effects on the transition energy related to
bond to the coumarins in both the ground and excited states forthe solvatochromic parameters' and o, respectively. Our

all of the alcohols studied. The geometry of the complex, while interpretation of this relationship is that the magnitudeaa$
not fixed, will have a distribution such that the alcohol dipole NOt related to the strength of the hydrogen-bonding interaction,
will tend to be roughly parallel to that of the solft@hen, to but rather reflect§ the additional f|eld.produced when the dipole
the extent that this hydrogen bond is maintained, the alcohol’'s Moment of a protic solvent molecule is held by a hydrogen bond
dipole moment will produce a significant nonzero electric field in an orientation that roughly parallels the solute dipole.

along the solute dipole direction. It is this persistent field that

we propose contributes substantially to thedependence of Acknowledgment. The authors thank Prof. Mark Maroncelli
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