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Summary

Time-resolved fluorescence measurements were carried out on rhod-
amine 3B, pyronine B and rhodamine 101 ethylester in protic solvents of
different viscosity but of similar dielectric properties by dual-beam multiple
frequency phase fluorometry. Emission wavelength dependent biexponential
fluorescence decay is reported for all combinations. The electronic nature of
the xanthene skeleton with different N-substitution patterns was investigated
as a function of the molecular conformation by semi-empirical calculations
according to the extended Hiickel molecular orbitals and the Pariser—Parr—
Pople methods. No evidence in support of the twisted intramolecular charge
transfer state model for the S, state is found in the correlation of experi-
mental and computational results, but a qualitative interpretation for the
viscosity dependence of the fluorescence quantum yields of dialkylamino-
substituted xanthene dyes is given. The key factor determining the quantum
yield was found to be the rigidity of the amino groups and their substitution
pattern. The variation of the decay law with emission wavelength is discussed
in terms of structural relaxation of the solute, dielectric relaxation of the
solvent and specific solute—solvent interactions.

1. Introduction

The variability of organic dyes with regard to their luminescence be-
havior in diluted solutions can be attributed to a number of different pro-
cesses. Of particular importance are specific intramolecular donor—acceptor
interactions as well as the same type of interaction with the solvent, e.g.
hydrogen bonding or acid—base reactions [1 - 5], and intramolecular charge
redistribution inducing dielectric relaxation of the solvation shell [6 - 11].
Even though the net charge redistribution upon electronic excitation might
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be small, it may substantially influence the luminescence behavior in com-
bination with the rearrangement of solvent molecules and conformational
changes of the solute. It is well established that fluorescence and phosphox-
escence quantum yields depend on the solute chromophore’s rigidity and
that solvent viscosity may dramatically affect the luminescence properties
12 -18].

[ We]have found that accurate fluorescence decay measurements of dyes
such as rhodamine 6G, coumarine 535 and others reveal a significant emis-
sion wavelength dependent dual-exponential decay law, varying with the
composition of the solvent [19 - 21]. Proof was given that this behavior is
not caused by self-absorption and reemission [22]. In the case of rhodamine
6G we have speculated that the observed behavior could be due to different
conformers stabilized by a viscous environment. Kinoshita et al. have pointed
out that the experimental data available are not sufficient to distinguish
between a mechanism based on the rearrangement of solvent molecules and
between intramolecular large amplitude motions [23]. These authors assume
that the fluorescence spectra of rhodamine 6G can be described by a single
gaussian profile which in fact is a very poor approximation of the true line-
shape. According to our experience, in ethanol the spectrum has to be
simulated by three gaussians [24], while in glycerol a sum of two gaussians
is sufficient.

In some recent papers on xanthene and related dyes, intramolecular
donor—acceptor interaction (formation of biradicaloid charge-transfexr
states) involving amino group twisting was made responsible for the non-
radiative deactivation [25, 26]. To elucidate to what extent this interpreta-
tion is consistent with our earlier observations [19 - 21] and to investigate
the influence of intramolecular motion of the phenyl rest and of the amino
groups on the particular luminescence kinetics, we have carried out precise
fluorescence decay measurements for the structures in Scheme 1 as a func-
tion of the emission wavelength in solvents of different viscosity but of
similar dielectric properties.

Scheme 1.
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2. Experimental details

2.1. Dyes and solutions

Rhodamine 3B perchlorate (RH3B) and pyronine B chloride (PYRB)
were obtained from Eastman Kodak Co. RH3B was lasergrade and used
without further purification, and PYRB was purified by flash column
chromatography on silica gel (Merck silica gel 60 for flash chromatography)
applying gradient elution with acetone/methanol mixtures (2:1 up to 3:7),
as proposed by Drake et al. [27]. Rhodamine 101 ethylester perchlorate
(RH11) was obtained by esterification of rhodamine 101 (Eastman Kodak
Co.) with sulfuric acid and ethanol. The reaction mixture was heated under
reflux for 48 h, chilled and poured into an ice/water mixture. The precip-
itated solid was collected, dissolved in ethanol, and a small amount of 5%
perchloric acid solution was added [28]. After chilling for 48 h, the solid
ester perchlorate was collected. Thin layer chromatography analysis still
showed small amounts of acid. Flash column chromatography on silica gel
with chloroform/acetone (4:1) was therefore applied to obtain pure ester.
IH-NMR spectra agree with the assigned structure. Glycerol (Merck, fluo-
rescence microscopy grade) and water solutions of the dyes were made
and then mixed to obtain solutions of 97, 50 and 10 mass percent glycerol.
The concentration of each solution was 10™® M within an error of approxi-
mately 1%, mixture effects included. The samples were degassed in standard
10-mm fused silica cells by a succession of three freeze-pump—thaw cycles
and measured at the controlled temperature of 25 °C. Table 1 shows inter-
polated values for the viscosity n, the dielectric constant € and the refractive
index n for the three solvent mixtures at 25 °C [29 - 31].

2.2. Experimental set-up

The principle and instrumentation of the dual-beam multiple frequency
phase fluorometry (MFPF) method has been described in previous articles
[32 - 34]. An account of some important technical improvements leading to
higher sensitivity and time resolution is given below.

TABLE 1
Physical solvent properties at 25 °C

Composition Viscosity* Dielectric Refractive index®
(mass-% glycerol) (cP) constant®

97 500 50 1.470

50 ) 66 1.394

10 1.2 75 1.345

8 From ref. 29.
b Prom ref. 30.
¢From ref. 31.
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Figure 1 shows the current set-up. The l.ight source is a k.rypton .ion CW
laser (Spectra Physics Mod. 171-01) operating Wlth single line op.tlon. Its
beam is first modulated by an acousto-optic modulator (Intra.Actlon 403)
with a constant frequency of 1700 Hz and by an electro-optic modulator
(EOM, Conoptics 380) in the frequency range from 5 to 200 MHz. A
Coherent Associates 3050 EOM system can be installed to cover the low
frequency range. The ordinary beam of the EOM is rgﬂected by a corner
cube mounted on a translation stage, which can be positioned motor driven
with an accuracy of 0.1 mm over a length of 150 cm. The beam then passes
through a polarization rotator and hits the reference cell after having bgen
attenuated by two Glan prisms. The extraordinary beam of the EOM with
a mean power of less than 30 mW is used for fluorescence excitation and
may be delayed to optimize the phase relation to the ordinary beam. The
scattered light of the reference (colloidal SiO,, 0.32% LUDOX HS (DuPont)
in water) is focused into a bundle of quartz fibers, while the luminescence
of the sample is first wavelength selected by a monochromator with a 4-nm
bandwidth (Jobin Yvon HD10). For decay measurements, magic angle
polarizers are inserted into the focusing system. The optical fibers of refer-
ence and sample are mixed randomly to give the same image on the photo-
multiplier tube (PMT, Hamamatsu R928). The signal of the cooled and r.f.

TRANSLATION STAGE 150 CM
/ BC — |IA) & DCC —>
 — V]

1 TO EOM
Pafels GPI 7\
DPO
ﬁﬂcp GP 4
SA |DC TG
@O{EOIE ue )X = L
PO||FO PO FO | PM
REFERENCE  SAMPLE AM

Fig. 1. Experimental set-up of the dual-beam MFPF fluorometer. AOM, acousto-optic
modulator; M, mirror; BC, beam collimator; EOM, electro-optic modulator; CC, corner
cube; PR, polarization rotator; SH, shutter; GP, Glan prism; R, reference cell; S, sample
cell; PO, sheet polarizer; FO, fibre optic; MC, monochromator; PM, photomultiplier; AM,
amplifier; SA, spectrum analyzer; DPO, digital processing oscilloscope; DC, digital
counter; TG, tracking generator.
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shielded PMT is converted and amplified [34] and detected by a spectrum
analyzer (Tektronix 7L13) with a bandwidth of 30 Hz; the analyzer’s local
oscillators are coupled to a tracking generator (Tektronix TR501) that drives
the EOM through a h.f. broadband amplifier (ENI 550L). A digital proces-
sing oscilloscope (Tektronix P7701) transmits acquired waveforms to the
controller of the experiment (DEC PDP-11 /23) for data reduction.

2.8. Data analysis

The measured phase differences ¢ as a function of the circular modula-
tion frequency w are modelled by a multiexponential decay function [19]:

noooor |Th e ar?
tan ¢(w) = w ——————— —_—
H) [xm21 1+ wz,riz] igi 1+ w2 )
corresponding to an impulse response 7T in the time domain [20, 21]:
n -1 n
T =| Sar| 3 et (2)
i=1 i=1

The parameters o; and 7; are estimated in a weighted non-linear least-squares
fit using procedure NLIN of the statistical analysis system SAS [35], with
a;=1.0 for normalization. The minimized entity is X2 = X2/v, where v
denotes the number of degrees of freedom [36]. Each fit is regularly re-
peated with the vertices of a (2n — 1)-dimensional grid as varying starting
points, and the quality is judged on the basis of the final x,2, the distribution
of the residuals and the correlation matrix.

3. Results

3.1. Measurements

Glycerol/water solutions (97%, 50% and 10%) of the dyes RH3B,
PYRB and RH11 were measured at ten equidistant modulation frequencies
in the range of 30 to 138 MHz, excited at the krypton laser line of 530.9 nm
(less than or equal to 10 mW). The optical path was 5 mm since 1 cm cells
were used in a right angle detection geometry. The results of the correspond-
ing fits are summarized in Table 2. :

In general the minimum number of exponential terms necessary to
describe the decay behavior is two for all three dyes; as an exception, three
terms are used at the emission wavelengths of 640 and 655 nm for RH3B,
and 655 and 670 nm for PYRB, respectively. In these cases, because of a
high degree of correlation among the parameters, 73 was fixed at the value
indicated in the table, which proved generally acceptable for all four cases.
The relative weights «, of the lifetime 7, and to a lesser extent also 7, are
pronounced functions of the emission wavelength (Fig. 2, Table 2).



114

‘8GO0 F 9PV T—="Cnisd gL =€1
Y190 F 0vee—=F%0'sd gL =%1y
"BIV0F LGT'T—=F0isd gL ="%14
‘6190 F €67 c—="0'sd gL =FL;

‘[eAI9JUI OUIPIJUOD %GH DG F *

'su gg'Q =L 0’ T = Fo ‘spuodesoue),
'suggQ ="2L:0 T = "0 ‘spuooasoueN

€

Su gg'Q = ¢L Q' I = ' ‘spuodasouspN,
“(wru) yidusaaem UOIOIR( q

‘10100413 j0 juao1d SSE,

¥%°0  ¥80°0 $80°0 ¥800  8%C¥ oLt L60°0 LSTO ¥L0'0 €06'T 9%’T  ¥80°0 P10 L¥0'0  2EeLT eg89
g6°0 3800 080°0 9600  L0Z¥ ZT'T 8500 SLO0 1%0°0 6981 96'0 05070 6%0°0 1800 8891 0L9
1€% 9900 9110 $80°0  ¥LZ¥ 08t 9%0°0 L90°0 9g0°0 998’1 02T  6%0°0 6210 1800  83L1 6gg
60 ¥¥0°0 %LO0 8%1°0  £8%'% 98'¢ 9900 LET'O L80°0 1881 ¥¢'T 62300 01070 6100  ¥P9T 0¥%9
9L'S  ¥¥00 06070 ¥9T'0  8LEY £€8°T 9800 620°0 LZ0°0 L8L'1 g1l LZO0 601°0 L100  €0L'T 839
821 810°0 6000 8800  OLT'¥ 99't 6300 8%0°0 €%0°0 £8L1 08T 6800 L10°0 200 3991 019
180 8100 ¥%0°0 9500  8LI¥ 8L°¢  LOOO g00'0— 0200 08L'T ZLE LS00 $20°0 9800  ©99'I g6g
LY 8%0°0 981’0 8710  ¥9T'¥ $¥8'¢  £€90°0 9L0°0 9%0°0 088’1 9L'e  L¥00 €80°0— 6300 €I91 08¢
980 2300 16T°0 %900  gE8E L9°¢  gg0°0 $61°0 %300 8641 9g'¢  L¥0°0 gsT'T 8200  TL9'T gg¢
69'%  L9T0 29¢'1 28070 88T'2 09T 2800 #90°T 680°0 €212 08¢ %0T
Ge'0  9%0°0 16000—  8%0°0  VEI'¥ 00L
1481 780°0 830°0—  9L00  ¥8T'¥ $9'% €800 6¥¥%°0 2800 8292 0L0 0300 18%°0 $IOC  968T G689
S¥’L  9%0°0 010°0— 0310  OI¥%'¥ 160 0300 6%7°0 81070 889°% 38T €300 ¥8%°0 03000  86€£7%C 0L9
ge'0 0100 £0000— 8100  69T'¥% 191 L10°0 LO¥0 810°0 6292 860 1200 1180 810°0. LO¥C gg9
80 6000 810°0—  8230°0  98T'% £6'T 120°0 g1¥'0 2200 919'2 63T  LIO0 LL¥0 100 0982 0%9
96'c 3300 190°0—  ¥90°0  660°% 9T'T %3070 19%°0 ¥30°0 L6ST g0  gI00 89¥%°0 %100 19872 cz9
9% %300 180°0—  0LO'0  T1BT'¥ €8'T 6100 LLE'O 120°0 3L9'3 86'0  LI00 IAsdl] LI0'0  PLEE 019
ZLG 2100 £%0°0 0800  88T'% $9'T 8100 S¥E°0 2200 ¥8¢°2 0¢ 9100 Z0¥°0 G100  £287% 868
€8T $30°0 q91°0 Z80°0  6IT'¥ 180 3100 86€°0 S10°0 £09°2 9%'t 6100 829°0 6T0°0  Z6€Z 08¢
2P0 8900 LSE0 0600  SOT'¥ 60T LI00 9970 L10°0 9652 806 9800 8990 9200 6092 699
170 6100 %901 S10°0 379°% ¥6'0 0800 ¥30°1 ¥20'0  ¥99% 088 %0$
8%z'T 2810 090°0 9910  100'% 002
g¥'0 9200 880°0— 3800  L86'E L00 900°0 FPT0—  €I0°0 98g'g oLe 100°0 86T°0—  T000  68%°E ¢89
160 8100 g%0°0—  8¥00  GZ6'E 0%2°0 9800 Z8T0— 0000 0LS'E 6L'T 6100 ¥12°0—  L¥0O0  8¥FE 0L9
€8T 9200 $00°0— 0900  988°¢ ge'T  ¥80°0 302°0— 0000 408¥°¢ 60 8900 €100 0000 30S¥'E g9
08T 9300 8L0'0—  0¥0'0  616°'S €€°0  L000 eLT'0—  8I0°0 68%°€ 698 6L00 963°0 0000 ;08¥%'¢ 099
T0'e 2800 geT°0— 0900  3L6'E 180 9000 €80°0— 2100 9LY'S $9°0 L00°0 0L00— L1000  90¥%'¢ 829
¥¥°0 8000 1¥0°0— %300  8I8E ¥5°0 9000 88T°0—  ¥I0°0 8LY'E 88'¢ 9100 L8T0—  8%0°0  958'¢ 019
13'2 8300 9220 ¥S0°0  £99°¢ 0T'T  LOOO 0LT'0— 0300 106°€ 050  S00°0 §60°0—  FTI00  L9gE G6¢
L0 0700 ¥9S0 980°0  S09°E 16°0 L00°0 190°0— 6100 06¢€'¢ 650 LOO'O 2eT0 LT00  £9%€ 08¢
€6'T 2900 19L°0 9900  §8%'S 870 6000 VE0 L10°0 9.2°¢ 690  L00°0 089°0 1100 T3g¢ S99
99°Z 9200 690°'T 6€0°0 Leg'e L8'T $%0°0 Log'1 6¥0°0  0gv'E 0SS %L6
Mx 0Z o 07 ¥ Mx 07 [25) 0g Pt «ux 07 0 0g ¥
(W 4_0T x 20°T) AF-101 suiwopoyy (W 50T X 00°T) g 2utuoukq (W 4_0T X 00°T) g¢ autwopoyy q¥ )

D, 92 e s1ojourered Aedap 2ouadsazoN( g

¢ d1dVL



115

0.81

0.4

0.01

-0.41
¥ v 1 M ¥ v 1 v T M | M I ' 1 o
530 550 570 590 610 630 650 670 690 710

Emission Wavelength [ nm]

Fig. 2. Relative weights &, of the lifetime 7,. Dyes (1075 M in 97% glycerol/water, 25 °C):
rhodamine 3B; - - - - pyronine B; — — — rhodamine 101-EE; error bars indicate 95%
confidence intervals.

Common to all three structures, RH3B, PYRB and RH11, independent
of solvent composition, is a sharp drop in the value of o, within the high
energy spectral region. While for the high viscosity solutions this decrease
takes place within the lowest 50 nm of the emission spectrum interval
covered by measurements, in the 10% glycerol solution it is much steeper
with o, approaching zero within about 25 nm. Disregarding the local maxima
present in the central parts of all graphs in Fig. 2, a general transition to a
nearly mono-exponential decay law in the red tail of the spectrum becomes
apparent. For the 97% glycerol solutions «, is relatively small in this part of
the spectrum, but still significantly negative, whereas at the 10% concentra-
tion it is significantly positive. In the 50% solvent mixture RH3B and
PYRB show an «, plateau at around 0.45, while with RH11 this parameter
becomes slightly smaller than zero in the red region; the emission spectrum
and the associated characteristic of the decay parameters are red-shifted for
RH11 relative to the other dyes by about 25 nm.

With regard to 7, as a function of emission wavelength and solvent
composition (Fig. 3) the three dyes can be classified into two groups. RH3B
and PYRB show strong solvent dependence in that their 7, values drop in
parallel to their fluorescence quantum yields n; with increasing water con-
tent of the solvent, i.e. the n; are 0.48, 0.35 and 0.27 (RH3B), and 0.53,
0.48 and 0.39 (PYRB) for the compositions 97%, 50% and 10%, respectively.
The primary fluorescence lifetime, if we shall give 7, this label, and the
quantum yield of 0.3 of RH11 on the other hand are to a large extent un-
affected by the varying solvent properties.
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confidence intervals. (a) 97% Glycerol/water; (b) 50% glycerol/water; (¢) 10% glycerol/
water.
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Absorbance / Fluorescence
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Fig. 4. Absorption/fluorescence spectrum of pyronine B (1078 M in 97% glycerol/water,
25 °C). Upper part: corrected fluorescence intensity - - - - normalized to equal maxima;
lower part: decay parameters with 95% confidence intervals (7, = 850 ps).

The absorption and emission spectra of the three dyes in the solvents
considered show general mirror symmetry as demonstrated for PYRB in
Fig. 4. Although the spectra overlap considerably, fluorescence reabsorption
has been shown to be negligible in the concentration—path length regime
applied [22]. The 530.9 nm excitation line is indicated in this figure by an
arrow. The significant spectral variation of 7,, suppressed in the other rep-
resentations, is very evident from Fig. 4. The shoulders found at a distance
of 1400 cm™! from the spectral maxima are present in all the spectra and can
be attributed to a number of aromatic C—C stretching vibrations [37].

A hypsochromic solvent shift of about 200 cm™! is apparent from
Fig. 5, comparing the absorption spectra of the 97% and 10% glycerol solu-
tions, while the emission spectra are practically unaffected.

3.2. Molecular orbital calculations

To support the interpretation of the experimental results, molecular
orbital calculations on the basis of the Pariser—Parr—Pople (PPP) [38] and
the extended Hiickel molecular orbitals (EHMO) method [39] were per-
formed.
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Fig. 5. Solvent dependence of pyronine B spectra. Pyronine B (1076 M) absorption and
emission spectra at 25 °C: in 97% glycerol/water; ---- in 10% glycerol/water.
Corrected fluorescence intensity normalized to equal maxima; excitation at 530.9 nm.

The main result of the PPP-CI calculation is the finding that a single
configuration is adequate and sufficient for the description of the S, and
S, state in the planar forms of the dyes. For this reason and because in
non-planar geometries o—7 interactions become important we will restrict
our discussion to the EHMO results. Table 3 lists the parameter set used
for the extended Hiickel calculations, and Table 4 describes the planar
input geometries in terms of bond lengths and angles.

Since the grouping of the dyes mentioned in the previous section
suggests a dominant role for the dialkyl amino groups’ mobility, a series
of EHMO calculations with varying torsion angles of these groups was
performed; the amino groups themselves were kept planar during this

TABLE 3
EHMO parameters?

Atom S p

N Exp Coul (eV) N Exp Coul (eV)
H 1 1.300 —13.60
C 2 1.625 —21.40 2 1.625 —11.40
N 2 1.950 —26.00 2 1.950 —13.40
O 2 2.275 —32.30 2 2.275 —14.80

2Hiickel constant K = 1.75,
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TABLE 4
EHMO input geometries

Center Value Comment
Bond length C C 1.400
A) (0 o 1.400
C H 1.060 Aromatic C
C H 1.090 Methyl group
C N 1.470 Aromatic C, N
N C 1.479
N H 1.084
Bond angle C C C 120.0
(degrees) C 0 C 120.0
C C N 120.0
C N C 120.0 One H of each —CHj group
H C H 109.3 in the molecular plane
H N H 120.0 towards center

process, i.e. no pyramidalization of the nitrogen atoms was introduced.
The influence of the amino substitution pattern was investigated for the
—NH,, —NH(CH;) and —N(CHj), symmetrically substituted dyes; the
methyl group instead of the ethyl substituent was used to reduce the
computational burden and conformational degrees of freedom. Both
amino groups were rotated synchronously, maintaining maximum molecular
symmetry. The resulting homo and lumo charge distributions extracted
from the reduced charge matrix as a result of the Mulliken population
analysis [40] for the 0° (planar) and 90° torsional angle conformations
are shown in Scheme 2. In this representation use is made of the charge

0.00 0.72 0.20

0.00
Q.00
0.00
0.06 )

0.01 0.00

HOMO 90 ° LUMO 90°

0.00

0.02 0.00 0.68 0.18

HOMO O° LUMO 0°

Scheme 2.
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Fig. 6. MO correlation diagram for planar and 90° conformations. (a) Pyronine B, both

amino groups —N(CH3), substituted: MO energy and coefficients as a function of amino
group torsion angle; (b) correlation for unsubstituted amino groups.

distribution’s mirror symmetry in that the matrix elements for homo and
lumo are depicted on the two halves of the same structure skeleton. Basically
negative charge is transferred upon excitation from the amino nitrogen
atoms to the carbon atom in the nine-position to about the same extent
in both conformations. The corresponding change in dipole moment is
relatively small, since for symmetry reasons only the charge transfer com-
ponent parallel to the short molecular axis is relevant,

The frontier orbitals for the planar and twisted conformations are
shown in the correlation diagram in Fig. 6(a), while Fig. 6(b) is a com-
parison with the —NH, substituted structures. The correlation of the homomn-
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and n-type orbitals in Fig. 6(a) may appear unusual at first sight but has
its explanation in the fact that the classification criterion, the ¢}, symmetry

plane, is not preserved along the rotation coordinate serving as the ordinate
in this diagram.

4. Discussion

One of the main goals of this work was the investigation of the role
played by the mobility of the different substituents to the same basic
xanthene structure. In previous publications [19] we had speculated that
viscous rotation of the phenyl ring in rhodamine 6G as well as RH3B and
RH11 might be responsible for the observed viscosity dependence of the
fluorescence quantum yield and decay parameters. In the light of the results
given in the present study it seems safe to say that the influence of this
substituent on the luminescence properties of the dye is of secondary im-
portance. The key factor determining the quantum yield is decidedly the
rigidity of the amino groups and their substitution pattern.

Although a dual exponential fluorescence decay law for this class of
dyes in low viscosity solvents such as ethanol at room temperature was not
confirmed by other authors [25], we have found it to be the general case for
the dyes investigated in this work and a number of laser dyes studied earlier
[21]. The suggestion prominent from Fig. 2 is that the parameters of the
phenomenological decay law are pronounced functions of the emission wave-
length and consequently that they should only be discussed in their depen-
dence on the corresponding fluorescence wavelengths. As shown in ref. 19,
this kind of relation of decay law and emission spectrum is compatible with
the conjecture of more than one emitting state, and the observed charac-
teristic can be explained by the assumption of a second, energetically
relaxed, excited state that is populated through the first one. The nature of
the process leading to this excited state relaxation shall be the matter of the
following discussion.

Vogel et al. have recently reported a fluorescence spectroscopic study
of rhodamine dyes very similar to the ones investigated in this work with
different N-substitution patterns [25]. They interpret the viscosity depen-
dence of their decay data as a result of structural relaxation of the amino
groups allowing the formation of a non-emissive twisted intramolecular
charge-transfer (TICT)-like state with charge localization. This TICT state
formation is claimed to be possible only for dialkylamino substituted dyes.

Our molecular orbitals calculations do indeed predict a different be-
havior of the S, state for the (—NH,), and (—N(CHj3),), case as shown in Fig.
6. The orbital type in the homo region as a function of torsion angle in the
—NH, case was found to be somewhat susceptible to the value of the Hiickel
constant and torsion coordinate used, but this finding does not affect the
essence of the following accounts. While in the structure with free —NH,
groups the first excited singlet state is of nm—-m* symmetry independent of the
amino groups’ rotational angle, this state acquires n—-r*-symmetry in the 90°
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conformation of the dimethylamino substituted structure. In this conforma-

tion the optical transition is formally forbidden; the transition moment u for
the intermediate rotation angles ¢ is estimated on the basis of the ZDO

approach:

(@) & | TUFUMO(g)+x,+ cFOMO(g)) | (3)

where c; are the coefficients of the p, orbitals in the corresponding MO and
X; represents the unit length x-component of the center i coordinates. u(¢)
is plotted in Fig. 7; up to a rotation angle of about 20° it is almost constant
and decreases linearly with increasing angle after that. Assuming a nearly
planar ground state conformation the Franck—Condon geometry of an
excited dye molecule will also be planar. If the rotation of the amino groups
in this excited state is energetically feasible and allowed, by the micro-
viscosity of the surrounding solvent, to occur on a time scale comparable
with the lifetime of this state, then a dramatic reduction in fluorescence
quantum yield for the dialkylamino case would be expected, while in the
structure with unsubstituted amino groups the quantum yield should be
independent of amino group mobility. This idea implies a finite non-radiative
decay rate which should be comparable in both cases and work in con-
currence to the radiative processes.

The ground state torsion potentials furnished by the EHMO calcula-
tions yield an interesting picture of the amino group mobility in the differ-
ent structures studied, and we do not expect the S; potentials to have a
significantly different characteristic, above all since equal 7 bond orders are
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found for the C—NH, bond in the S, and S, state by the PPP-CI method
(ten configurations). While for the carbon-amino and -methylamino bonds
the calculations yield a rotation barrier of the order of 0.8 eV, a rotation
potential with a shallow minimum in a slightly twisted geometry is predicted
for the dimethylamino substituent. If from this finding the conclusion is
drawn that at room temperature rotation of the amino groups is possible
only if they are dialkylated, then agreement is attained with the results of
Vogel et al. [25] reporting temperature independent fluorescence quantum
yields close to unity for the amino and monoalkylamino substituted xan-
thene dyes in contrast to highly temperature dependent quantum yields for
the dyes with dialkylamino groups. With RH11 the amino groups have
essentially no degrees of rotational freedom independent of solvent composi-
tion and temperature, and as evident from Fig. 3, this dye’s radiative lifetime
is consequently independent of solvent viscosity. Considering the charge
redistribution in the symmetrically dimethylamino substituted pyronine
(Scheme 2) as a function of twist angle, a minimum of stabilization of the
90°-conformation over the planar one even in highly polar solvents is to be
expected; the extent of charge transfer from the nitrogen atoms to the
carbon atom in the nine-position is only slightly larger for the twisted
excited state. The necessity of a TICT state formation is not very obvious
under this viewpoint. Although in any case the amount of transferred
electronic charge is considerable, the overall change in dipole moment is
very moderate because its components along the principal molecular axis
cancel. The two diagonal components along the N—C(9) distances (5.7 R),
however, are large, change sign upon excitation and in polar solvents should
thus induce a local reorientational relaxation of the innermost solvent shells.
This sort of dielectric relaxation could explain the 0.85 ns lifetime and its
spectral dependence found in the phenomenological decay law of the
rhodamines under study. The spectral shift correlation function C(t), how-
ever, which is normally used to describe the temporal evolution of the
emission spectrum [11], should then be defined in an adequate manner.
The characteristic frequency ¥, (t) usually describes the emission maximum
shifting with time as the solvent relaxes; the wavelength dependent decay
laws found for the three dyes in Scheme 1, however, do not correspond to
a general shift of a fluorescence peak but rather to a build-up of emission
intensity in the red tail of the spectrum. Hence, the maximum of the time
dependent emission spectrum generated based on the assumptions described
in ref. 24 does not shift, and for a quantitative treatment of the spectral
redistribution of intensity the weighted mean fluorescence frequency, for
example, could be used as P¢(t). Facing the differences between the tradi-
tional point dipole concept of a solute particle and the realistic charge
distributions discussed above within our dye molecules, and considering the
apparent importance of solute conformational changes for the excited state
relaxation as well as the present lack of applicable theories of molecular
aspects of solvation, we do not attempt a quantitative interpretation of the
solvent dependence of our time resolved fluorescence data yet. The demands
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made upon such a treatment would not only include an explanation for the
observed a,(X) characteristic but also for the significant wavelength depen-
dence of 7,. We do not expect the current dielectric continuum theories of
the solvent to succeed in resolving these subtleties.

Another potential source of interference with radiative relaxation of
excited dye molecules in solution so far excluded from the discussion are
specific solute—solvent interactions. Taking into account the steady state
spectra of Fig. 5, where invariance of the emission spectrum of PYRB with
solvent polarity is observed, the existence of a highly stabilized (twisted)
charge transfer state with charge localization is again not plausible. Al-
together unexplained by such a hypothesis is the empirical blue shift of the
absorption spectrum with increasing water content of the solvent. Baba et al.
have observed similar shifts in the n - 7* absorption spectra of several di-
azines in solvents of varying hydrogen bond donating potential and have
interpreted the positive correlation between the hypsochromic shift of the
absorption maximum and the “proticity” of the solvent as an indication of
increasing S, state stabilization by intermolecular hydrogen bonds [41].
The interaction of protic solvent molecules with the dimethylamino group
of 4-(N,N-dimethylamino)benzonitrile (DMABN) has recently gained much
interest and has been investigated by several groups in molecular beam
experiments [42, 48] and in solution [44]. From our results and the find-
ings of these studies we conclude that specific interactions of the dye cations
with solvent molecules, in particular involving the lone electron pairs of the
amino nitrogens as acceptors, are important for the stabilization of the probe
molecule. Especially the twisted conformation of the dialkylamino-substituted
xanthenes in the S, state should therefore be susceptible to this form of in-
teraction, and a shift of the ground state torsion potential minimum to a
larger twist angle would be expected. As shown above, a reduction in oscil-
lator strength would have to result from such a change in average geometry,
and exactly this effect is evident from Fig. 5.
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