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Vertical S;-Sp electronic transitions of the highly solvent-sensitive fluorescence label 2-propionyl-6-
dimethylamino naphthalene (PRODAN) are modeled by semiempirical CISD AM1 and TD DFT calculations
in a large number of solvents of different polarity and hydrogen donating ability. Calculations correctly
reproduce the observed solvent induced shifts of the emission maxima. The fluorescence Frank-Condon
transition energies in solvent can be predicted quantitatively at the AM1 SM5.42 OPEN(2,2) C.I.=5 CISD
level. For the planar PRODAN emitting state at the latter level we obtain a regression with practically unit
slope and zero intercept for aprotic solvents. The respective relationship for the O-twisted S; state has a
slope of 0.59 and intercept of 9100 cm~'. These results support the concept that no geometry twist in the
S; state of PRODAN is necessary to explain the observed solvent effects on fluorescence.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently we have reported a CISD [1] AM1 [2] computational
model for prediction of the energies of the electronic (absorption
and fluorescence) transitions of organic molecules, as well as their
solvent dependence [3]. The model is based on a part of the Jablon-
sky diagram [4] and includes explicit geometry optimization of the
Sp and S; electronic states in different solvents. Our computational
cycle consists of the following steps:

1. CISD calculation of the equilibrium geometry of the Sy electronic
state of the solute, with full geometry relaxation.

2. Single point CISD calculation of the S; energy at the Sy geom-
etry to compute the corresponding vertical Sqg — S absorption
transition energy.

3. CISD calculation of the equilibrium geometry of the S; (or,
possibly, T;) electronic state of the solute, with full geometry
relaxation.

4. Single point CISD calculation of the Sy energy at the S; (or, possi-
bly, the T ) geometry to compute the energy of the corresponding
vertical S; — Sg or T{ — Sg emission transition.

On the basis of the reasonable success in accounting for the
observed solvent effects on the electronic spectra of several classes
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of chromophores using the above “relaxation cycle” [3,5], we
consider the outlined methodology a suitable approximation for
systematic studies of structural changes in the lowest molecular
excited states as well.

To account for the solvent effect we use the Conductor-like
Solvent Model, COSMO [6-8] at the AM1 and PM3 semiempirical
levels of theory. However, COSMO is treating explicitly only the
electrostatic components of solvent-solute interactions and could
potentially lead to fallacious predictions of electronic absorption
and emission Frank-Condon transition energies. Therefore we now
check out also the performance of an arguably better treatment
of continuum solvent-solute interactions as offered by the charge
model of Cramer and Truhlar [9,10] in its SM5.42 form [11,12] still at
the level of semiempirical MO theory. To verify the computational
results, we use the thorough experimental data on the photophys-
ical characteristics of 2-propionyl-6-dimethylamino naphthalene,
PRODAN [13-15]. PRODAN is one of the best known highly solvent-
sensitive fluorophores and is used extensively as a fluorescent
probe for micropolarity in various chemical and biological systems.

Another issue we address on the basis of our computational
results is the nature of the lowest excited singlet (fluorescent) state,
S1, of PRODAN. While the number of reports on PRODAN applica-
tions constantly increases, the nature of its S; state is still under
discussion. Planar intramolecular charge transfer (PICT) S; state,
as well as twisted intramolecular charge transfer S; state (TICT
model) arising from twisting of either the —N(CH3 ), (N-TICT) or the
C(=0)—CH,CH3s group (O-TICT) out of the plane of the naphthalene
ring have been suggested for explanation of the emission properties
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Fig. 1. Optimized geometries of PRODAN PICT and O-TICT conformers in acetonitrile in the Sy state, AM1 with keywords C.I.=5 OPEN(2,2) ROOT =2, SM5.42. Blue is nitrogen,
and red is oxygen. Also shown is a fixed model of the suggested N-TICT structure [19]. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.)

of PRODAN [14,16-18]. In our opinion, recent experimental stud-
ies on model naphthalene derivatives in which the dimethylamino
group is constrained to be either coplanar [14] or perpendicular
[19] (fixed N-TICT, Fig. 1) with the naphthalene ring, show unam-
biguously that no N-TICT contributes to PRODAN emission. Thus,
the planar (PICT) and twisted perpendicular carbonyl (O-TICT) con-
formations of PRODAN S, state shown in Fig. 1 still remain under
discussion.

2. Computational details

General-purpose semiempirical MO methods such as MINDO/3,
MNDO, PM3 and AM1 are primarily concerned with the prediction
of ground state molecular properties at equilibrium geometries.
This is where the vast majority of data exist and where the methods
were parametrized. However, there are several classes of molecular
properties where this first-level parametrization is not applicable.
Perhaps the most obvious of them is the description of excited
states for the prediction of UV/Vis spectra. The need for efficient
semiempirical methods capable of calculating these quantities has
long been recognized, especially in cases of larger molecules. Ded-
icated methods parametrized specifically for this application have
been proposed and implemented [20,21]. The latter approaches
are based on a post-SCF configuration interaction (C.I.) variational
formalism restricted to single excitations (SCF-CIS). More sophis-
ticated methods can indeed take into account double and higher
electron excitations.

Semiempirical AM1 MO calculations in the present paper are
carried out with the MOPAC 2007 [8] and the AMSOL (version 7.1)
[11] program packages. Gradient geometry optimizations are done
initially for the closed shell ground state structure Sy, as in earlier
MO studies of electronic absorption spectra. However, we further
optimize the excited S; geometry including configuration inter-
action C.I. [22] using the microstate formalism [1] with a limited
number of single and double excitations, namely two electrons in
two orbitals, with a total of 4-7 active orbitals. All optimizations
are carried with the EF procedure of Baker [23,24]. Gradient norm
less than 0.05 kcal mol~! A~1 is achieved for all values of ¢ between
2 and 80 for the entire range of solvents used in the experiment
[14,15] in the COSMO optimizations. The same degree of optimiza-
tion is not always possible for the excited S; state with AMSOL.
In such cases the procedure has been persistently repeated with
corresponding structures to reduce the gradient norm to less than
1.0kcalmol~1 A-1. The positions of the fluorescence maxima are
calculated as vertical singlet transition energies S; — Sy at the opti-
mized geometry of the S; species. We note that the final reduction
of gradient norm from 1.0 to below 0.05 kcal mol~! A~1 changes the
S1 — Sp transition energy by only ca. 5cm—1.

The solvent effect on electron transition energies of interest is
accounted for by two implicit continuum solvent models. The more
simple of these, the Conductor-like Screening Model (COSMO) has
been developed by Klamt and Schiitirmann [6,7] and assumes that
the surrounding medium is well modeled as a conductor, which

simplifies the electrostatics computations. This is approximated by
calculation of apparent surface charges on the solute cavity sur-
face. If necessary, corrections can be made a posteriori for dielectric
behavior.

The more sophisticated SMx models, x=1-8 [25,26] combine
electrostatics with additional terms for first-solvation-shell effects,
as well as for bulk solvent properties. Among these are the surface
tension, the index of refraction, etc. The solvent response to solute
presence is better accounted for via distributed partial charges
within the solute, termed charge model 1-4 class I-IV charges
[25,26]. The SM5.42 version, used in this paper, includes CM2 class
IV charges. The greater flexibility of the latter partial charge models
has the expected consequence of better representation of observed
solvent effects.

Single point time dependent DFT calculations at the optimized
semiempirical geometries are performed using GAUSSIANO3 [27].
Solvent effects are accounted for by the CPCM [6,28] (similar to
COSMO) and the PCM [29] formalisms.

3. Results and discussion

AM1 results show that both the PICT and O-TICT S structures
are minima on the S; potential energy surface and possibly exist
in solution at equilibrium. The experimental fluorescence data and
the computed vertical S;-Sp electronic transition energies of PRO-
DAN in various solvents are compared in Table 1. Separate linear
regressions, for aprotic and protic solvents, respectively, between
the experimental and calculated energies of the emission maxima
for each of the two conformers (PICT and O-TICT) have drastically
different slopes and much higher correlation coefficients than the
respective common relationships including all solvents (see Table 2
and Fig. 2). This observation is in agreement with the deduction
derived from experimental data, that the nature of the emitting
state in aprotic and protic solvents is different, presumably due
to hydrogen bonding of PRODAN in the S; intramolecular charge
transfer (ICT) electronic state with protic solvents [15,16,31,32], sug-
gested also for other molecules with ICT excited electronic states
[3,32]. It also lends additional support to the reliability of the com-
puted solvent shifts of PRODAN fluorescence maximum.

Regression analyses of the theoretical AM1 predictions for PRO-
DAN (PICT S, state) versus experimental data in aprotic solvents
(see Table 2) indicate that (i) the charge model SM5.42 is better
than COSMO; and (ii) the C.I. = 5 configuration space of CISD is bet-
ter than C.I. =6 for SM5.42. Particularly gratifying is the correlation
of calculated SM5.42 C.I.=5 vs. experimental emission maxima for
aprotic solvents (Fig. 2) with practically unit slope and negligible
intercept.

More detailed inspection of the regression between experi-
mental fluorescence maxima of PRODAN in aprotic solvents and
calculated CISD AM1 vertical S;-Sg energies for its PICT conformer
(Fig. 2) shows three distinct outliers — the two aromatic solvents
benzene and toluene, as well as formamide. The former possibly
indicate some additional aromatic solvent-aromatic solute inter-
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Table 1
Fluorescence maxima (v (cm~1)) and computed energies of the vertical S-S transitions (V!¢ (cm~1)) of the PICT and O-TICT conformers of PRODAN in a series of solvents.
Solvent Er(30)* v PICT O-TICT
Vgl SM5.42, CL=5 1El°SM5.42,CL=6 @ COSMO, CL=5 &l COSMO, CL=6 1§ SM5.42,CL=5 vgc COSMO, C.1.=5
n-Hexane 309 25,630° 25,336 24,741 25,561 24,942 24,311 24,544
Heptane 311 25,650 25,306 24,727 25,543 24,929 24,290 24,528
Cyclohexane 312 25,650° 25,215 24,669 25,477 24,882 24,228 24,473
Toluene 339 24,040 24,946 24,437 25,267 24,728 24,043 24,304
Benzene 345 23,990° 25,017 24,509 24,343 24,577 24,084 24,350
THF 374 23,300° 23,029 22,361 23,691 23,092 22,860 23,192
Ethylacetate 381 23,256° 23,346 22,734 23,971 23,408 23,055 23,376
Acetone 422 22,520 21,912 21,107 22,698 21,952 22,254 22,570
DMF 43.8 22,090 21,560 20,692 22,367 21,565 22,061 22,368
DMSO 45.0 21,5528 21,459 20,566 22,275 21,457 22,011 22,314
Acetonitrile 46.0 21,900° 21,582 20,711 22,385 21,587 22,065 22,381
Formamide 56.6 20,100 21,231 21,544 22,060 21,208 21,895 22,189
2-Propanol 48.6 21,070> 21,974 21,168 22,743 22,004 22,285 22,598
Ethanol 519 20,350 21,801 20,933 22,574 21,807 22,181 22,494
Methanol 55.5 19,920 21,630 20,785 22,379 21,636 22,096 22,406
1,2-Ethanediol ~ 56.3 19,760 21,528 20,668 22,333 21,526 22,045 22,349
1-Butanol = 20,730 22,052 21,262 22,824 22,098 22,329 22,647
Water 63.1 19,030° 21,323 20,431 22,124 21,286 21,923 22,227
Er(30) is an empirical solvent polarity parameter (in kcal mol~') [30]. Used program keywords are MECI OPEN(2,2) SINGLET ROOT = 2.
a Ref. [14].
b Ref. [15].
AM1 SM5.42 OPEN(2,2) C.1.=5 actions, e.g. PRODAN-benzene complexes/exciplexes. Formamide,
25000 on the other hand, has conceivable characteristics of both protic and
aprotic solvent and in the case of relatively basic solute PRODAN,
25000 resembles a protic rather than aprotic solvent.
The almost perfect relationship of AM1 SM5.42 calculated emis-
- . . . S
g 24000 1y - 0.3664x +14338 sion energies of PRODAN in its complete‘ly optmpzed PICT S; state
K] R2= 0.9378 ° vs. experimental fluorescence maxima in aprotic solvents allows
£ 23000 - a revisit of the intensely disputed geometry of PRODAN emitting
;_,. state. The AM1 predicted Frank-Condon emission energies of the
22000 4 v =0.9905x -87.611 0—_TICT structures (see Tables 1 and 2) in aprotic solvents corr_elate
R2= 0.9844 with experimental data reasonably well. However, the predicted
21000 wavelengths are systematically blue shifted relative to experiment,
so the slopes of the O-TICT relationships are significantly different
20000 from 1 and the corresponding intercepts are huge, in contrast to
18000 20000 22000 24000 26000 28000 those obtained with PICT structures for aprotic solvents. This casts
certain doubt on the relevance of O-TICT to the observed PRODAN
Veexp/em- emission spectra in aprotic solvents.

Fig. 2. Relationships between experimental and computed energies of fluorescence
maxima of the planar (PICT) conformer of PRODAN: aprotic solvents in blue circles
and protic solvents in red squares. Green triangles at calculated wavenumbers ca.
25,000cm~! correspond to benzene and toluene. The green triangle at calculated
wavenumber ca. 21,000 cm~! corresponds to formamide. See text for discussion. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Table 2

To additionally check the latter result, we also calculate sol-
vent shifts in planar and perpendicular conformations of PRODAN
by means of single point time dependent density functional, TD
PBE1PBE/6-31+G"" [33,34], solvent calculations [35] at the opti-
mized semiempirical CISD AM1 SM5.42 C.I. =5 S; state geometries
in cyclohexane and acetonitrile (see Table 3). Notably, calculated
full DFT energies of planar PRODAN structures are lower than those
of perpendicular O-TICT ones by some 30-36 k] mol~!, meaning
that the latter cannot be considered abundant in the S; state.

Regression analyses of experimental fluorescence maximum energies vs. AM1 computational results for planar (PICT) and perpendicular (O-TICT) PRODAN with varying

solvent models and CISD configuration space for aprotic and protic solvents.

Conformer PICT O-TICT

Method SM5.42,Cl.=5 SM5.42,C.L.=6 COSMO, C.1.=5 COSMO, C.I.=6 SM5.42, Cl.=5 COSMO, C.I.=5

Aprotic solvents
R? 0.984 0.981 0.981 0.973 0.987 0.986
Slope 0.991 1.067 0.838 0.885 0.591 0.571
Intercept 88 2604 4085 2282 9128 9887

Protic solvents
R? 0.938 0.934 0.933 0.936 0.939 0.935
Slope 0.366 0.412 0.351 0.402 0.202 0.208
Intercept 14340 12580 15435 13620 18076 18258
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Table 3

TD PBE1PBE/6-31+G(d,p) calculated S; and vertical S;-So energies of PICT and O-TICT PRODAN conformers at the respective optimized S; AM1 SM5.42 geometries in

cyclohexane and acetonitrile.

Solvent TD PBE1PBE/6-31 +G(d,p)//CISD AM1
Gas phase CPCM PCM
Full energy (au) S1-Sp (cm™1) Full energy (au) S1-Sp (cm™1) Full energy (au) S1-So (cm~1)
PICT
Cyclohexane —711.01534 26,939 —711.02323 25,749 —711.02137 25,878
Acetonitrile —711.01476 27,028 —711.03242 24,924 —711.03208 25,012
O-TICT
Cyclohexane —711.00391 27,884 —711.01205 27,303 —711.00993 27,375
Acetonitrile —711.00093 27,673 —711.01881 26,721 —711.01841 26,778

Each entry is represented by data in the gas phase, cyclohexane and acetonitrile. Solvent effects are calculated by the continuum CPCM (COSMO) and PCM models.

This conclusion is in agreement with the experimentally observed
single-exponential fluorescence decay in both nonpolar and polar
aprotic solvents [16].

The gas phase TD PBE1PBE/6-31 + G(d,p) calculations at the cor-
responding AM1 solvent geometries show small geometry effect
(cyclohexane to acetonitrile) on the S{-Sg transition: hypsochromic
(90cm™1) for the planar (PICT) conformer and bathochromic
(210cm1) for the perpendicular (O-TICT) conformer, respectively.
Solvent TD PBE1PBE/6-31 + G(d,p) calculations at the same geome-
tries more than offset the above geometry effect. As seen from
Table 3, both for the planar (PICT) and the significantly less sta-
ble perpendicular (O-TICT) PRODAN S; conformer, solvent effects
on the S-Sy vertical transition energy generally follow the exper-
imentally observed trend of bathochromic displacement upon
increase of solvent polarity, but predicted solvent shifts are much
lower than the experimentally determined ones: both CPCM and
PCM predict a red shift of ca. 850 cm~! for the PICT conformer and
ca. 600cm~"! for the O-TICT conformer from cyclohexane to ace-
tonitrile. It should be noted that the TD DFT vertical S;-Sg energies
calculated by both CPCM and PCM for PICT PRODAN in cyclohexane
are very close to the experimentally determined value while pre-
dicted O-TICT emission Frank-Condon energies are ca. 1800 cm™!
higher.

The difference between the energies of the emission maxima of
PRODAN in acetonitrile and methanol, which have similar polarity
(ca. 2000cm~1) can serve as a rough estimate of the stabilization
energy of the S; state due to hydrogen bonding between the solute
and protic solvents [3]. Correcting the AM1 SM5.42 C.I.=5 calcu-
lated S1-Sp vertical emission energies for planar PRODAN in protic
solvents with the additional stabilization energy, estimated above,
we obtain a common relationship for all solvents between exper-
imental and calculated Frank-Condon fluorescence energies with
slope 0.988 and intercept —88 cm~! (R2=0.978). This result indi-
cates that the PICT structure is the prevailing one in protic solvents
as well.

4. Conclusions

Fluorescence maxima shifts depend on both geometry and
electronic structure changes, amplified to a significant extent by
the solvent, and are correctly modeled by present calculations.
The experimental range of bathochromic shift of PRODAN emis-
sion for aprotic solvents (from n-hexane to dimethylsulfoxide) is
~4100cm~1. The PICT model at the AM1 CISD level (SM5.42 C.I.=5)
predicts a range of ca. 3900cm~!, and the respective regression
has a practically unit slope and zero intercept. In contrast, the pre-
dicted range for the O-TICT model amounts only to ~2300cm™!
with the respective regression having a slope of 0.59 and inter-
cept 9100 cm~!. Our results thus support the assumption that no
geometry change in the S; state of PRODAN is necessary to explain

the observed spectroscopic phenomena. Twisting of the carbonyl
group out of the plane of the naphthalene ring should result in hyp-
sochromic shift of the fluorescence maxima in disagreement with
experiment.

From the viewpoint of computational methodology, both
semiempirical and TD DFT calculations correctly reproduce the
observed trends in solvent spectroscopic shifts. TD DFT results
however can only be compared to fluorescence experiment in the
qualitative sense, while the predictive capability of AM1 SM5.42
CISD calculations is quantitative.
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