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ELECTRONIC ABSORPTION SPECTRA AND DIMERIC
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Measurements of the concentration and temperature dependence of the electronic
absorption spectra of rhodamine B, rhodamine 3B, rhodamine 3G and rhodamine S in water
solutions have been carried out. On the basis of these measurements the dimerization constant,
pure dimer and monomer spectra as well as the binding energy of a monomer unit in the dimer
have been calculated. In each dimer spectrum the occurrence of two bands has been found.
The oscillator strengths of the monomer band and dimer bands as well as the magnitude of
excitonic splitting were determined. From these data, for each dye dimer the angle between
the transition moments of the adjacent molecules and the separation distance between these
molecules were calculated.

1. Introduction

Investigations of the associations of dye molecules have been in progress for many
years [1-8]. Recently they were intensified due to the application of dye solutions as
active media in lasers.

A particularly great number of papers has been devoted to the investigations of the
associations of rthodamine B and rhodamine 6G [9-15]. In this work we present the ex-
perimental results for the electronic absorption spectra of a larger family of rhodamines
in water solutions, namely, rhodamine B, rhodamine 3B, rhodamine 3G and rhodamine S.
We shall also present a discussion of the structure of dimers of the above mentioned rho-
damines in solutions.

2. Experimental

The object of the investigation were solutions of rhodamines whose characteristics
are listed in Table I. Rhodamine B produced by Schuchardt was purified by manyfold
crystallization from ethanol and vacuum evaporation of the solution. Rhodamine 3B
of Gurr turned out to be a mixture of rhodamine B and rhodamine 3B. The dyes

* This work was supported by the Polish Academy of Sciences under project M. R, I —9.4.5,
¥+ Address: Instytut Fizyki, Politechnika Gdanska, Majakowskiego 11/12, 80-952 Gdafisk-Wrzeszcz,
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TABLE 1
Data characterizing rhodamines in solutions
1 | ;) 3 4 ‘ 58 6°
o | Molecular The range of concentration
System Dye ) Solvent | —— -
| weight M/1

S ———— — : = i _—| o -

I-RB/H,O - Rhodamine B. - | 479.03 | water [1075-5%x 1073 :»  [10-9+10-2

C2sH3:CIN,O;

II-R3B/H,O-+HCl | Rhodamine 3B | 507.08 | water +17%|5:6x 16-6+-10-% 5.6x 10°6-+-2x 10-?
C30H35CI N,O3 | 10n HCI

1II-R3G/H,O+HCl |Rhodamine 3G | 437.0 ‘water 41% [ 3.1x106=10-3 [3.1x 1051072
| C25H2501 Nan | 10n HC1 |

IV-RS/H,O+HCl | Rhodamine S | 374.88 | water -1% | 3.1x 106103 |3.1x 10-52x10-2
| CH23CIN,O; | 1on HCl |

2in which it was assumed that mainly monomers and dimers appear,
a b1n whlch the systems were investigated.

were separated on a column with silica gel and’ developed 1n a chloroform—benzene
solution. After havmg washed rhodarmne B, thodamine 3B was eluted by ethanol. It was
crystallrzed from the chloroform-ether system to chromatographical purity.
Rhodamine 3G of Gurr was dissolved in ethanol and evaporated under vacuum.
The remnants were crystalized from the ethanol ethyl ether, petroleum benzine system
to chromatographical purity. e
. Rhodamine S of Gurr was changed into a free base by the action of an ammonia
solutron The precrprtate was dried and again changed into a hydrochlorlde by. drssolvrng_.
it in benzene. Then the hydrochloride was crystallized by vacuum evaporation.. »
. The absorption spectra were measured on a VSU2-P sepctrophotometer under the
condrtrons described formerly [16]. The absorption spectra of monomers ¢'(4) and dimers
”(/l) were. obtained based on the experimental values of the absorptron coefﬁcrcnts of
solutlon £*(¢;, A ) from the entire range of the absorption band and from the concentra-
tion range in which the appearance of trimers and associates of higher orders could be
neglected The ranges of the mentioned concentrations for each system are given in column 5A
of Table I. The procedure for finding the spectra &'(4), &’(1) and dimerization constant K
by applying the method of least squares, has been described in Ref. [16].

3. Experimental results and discussion

In Fig. 1 we present the electronic absorption spectra of the systems listed in: Table I-
for several concentrations of dye.molecules. All the curves for each system pass through-
the 1sosbestlc pornts which shows that in the ranges of concentration mentroned1 there

"1 Column 5 glves the ranges in which appear mainly monomers and dlmers, and colurit! é ‘the rangesy
in which the systems were investigated. K



433

Rhodamine B/Hy0
I S T ey g Rhodamine « S/H,0. C
~ |[lCoHslN N(CoHsg CT‘ Monomer ~
10 . ' .
B :, _1-10 10 Ml
OOH / Ao M
P ! -20><10 Mll 544
. 5 - } Monomer
8 12 31406
- _»8,0><‘|D M/( _1-31«10 “M/j
Al
e A 2-1 1
L 25MIL 4 A0
§ 6L s . 35,640°M/
= 08 . i -
< 4104167
% L ‘ )
%5 .
A 06]
x tk
W B
| 041
20 A
azl
" S L S
Rhodamine 3B/H,0 Rhodamine 3G/H20, pH=0392 ) d
i Gl
8 ey L [HoN_ A 0 NI Hy) =
. rc.& 3 2? f\l} ON[CZ ‘L‘Jrﬂ” J' Jbr‘_mel H L‘\ f\i;’f /II I _I,:-.“ Monamer
10107 M 3 “ 1ot
I CO0CsHS " f"f \ A I ﬁ)(, DO |||:| 7% 1-10=107 M
I o PR :
624 ALREENE: 2-3.1x107 M1
Bl ) =4 é .
331901/ 31,093 M1
= ! i}
> 4 i | 4-10 %107 MA
o |
2l 21
i
! I I | e L ) | | e T W
500 550 600 450 . 500 550
Alnm] Alnm] ——

Fig. 1. The absorption spectra of water-solutions of rhodamines for different dye concentrations (concen-
trations in MJl) |

appear mainly- monomers D and dimers D,,.

The concentration range in guiestion were

also found through measurements of absorption spectra dependenmes (corresponding to
each particular concentration) on temperature. ‘ S

In Fig. 2 are presented the absorption spectra of rhodamine S in water for a higher
range of concentration than in Fig. 1. Isosbestic points do not occur here. It can be seen

that the monomer maximum at' A =

544 nm decreases systematically with concentration,
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whereas the maximum at 4 = 510 nm, corresponding to dimers (Fig. 1) does not increase
but- shifts systematically towards the shortwave side. This new band, which appears on
the shortwave side of the dimer maximum can be ascribed to higher associates. This point
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Fig. 2. The electronic absorption spectra of rhodamine S in the range of high concentrations
Fig. 3. The absorption spectra of water solutions of rhodamine S for different temperatures

of view is confirmed by the investigations of the dependence of the absorption spectra
on temperature.

Figures 3a and 3b illustrate the change in the absorption spectra with temperature
of a solution of concentration ¢ = 10-*M/1 at which the appearance of higher associates
can be neglected, and of a solution of concentration ¢ = 10-2MJI. In the latter case
isosbestic points do not appear and observed changes in the absorption spectra confirm
the presence of higher associates in the solution.

The investigations of the temperature dependence of the absorption spectra-of a solu-
tion with a fixed concentration allowed the finding of the value of the dimerization constant
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for each temperature. This aim has been achieved in the following way. First there was
found the dependence of coefficient ratio &(v')/s(vy) corresponding to the maxima of the
absorption bands of monomers and the shortwave absorption band of dimers from the
fraction x of the monomer molecules in the solutions, based on the family of the absorption
spectra obtained at room temperature for different concentrations of solution. Assuming,
as in Ref. [17], that the same fraction of monomers in solution correspond to the same
value &(v')/e(vy) at temperature changes and at concentration changes of the spectra, the
values of x were found and thus value X for different temperatures.
From relation

K = Aexp <R%)’ m

where R — gas constant, we have found the binding energy Q of monomer units in the
dimer. The found values of K, corresponding to each particular temperature and fixed

concentration, lie very well along a straight line in the coordinate system <ln K, —T—) .

From the slope of the straight line we found the binding energy Q which amounts to
7.5 keal/M for the water solution of rhodamine S of concentration 10~3 M/l. The binding
energy of dimers has been found in the same way for the remaining systems. Values of 0
and K have been listed in Table IT. We should mention that the binding energy Q was

TABLE 11
Comparison of the values of the dimerization constant and binding energy of the rhodamines in solutions
1 2 3 ‘ 4 5 6
K T Q C
System M K | kealM ‘ M/t Ref.
|
I—-RB/H,0 1352 293 = 5x10-%2 this work
1300 298 = — 7
1000 298 —_ — [20]
1500 — ot — 21
1370 303 m —_— [21]
6010 303 o — [22]
1470 295 = == [13]
— — 9.9 1x10-3
— — 10.0 4x10°3 [19]
—_ — 10.2 2x 1072
— ' — 11.2 3x 1072
II-R3B/H,0 + HCI 790 | 293 5.85 1032 this work
700 293 517 1032 [17]
I R3G/H,O pH=0.92 945 293 6.9 10-32 this work
IV RS/H,0 + HCl 710 | 293 | 7.5 1032 | this work

# The maximal value of concentration ¢ from the ranges presented in column 5 of Table I in which
a monomer-dimer equilibrium occurs.
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found for different concentrations of the dye in the case of each investigated system. There
was observed a certain increase. in values of Q in the range of higher concentrations,
which can be associated with the appearance of higher associates in the solution®. However,
1in the range of the concentrations to which correspond the plots in Fig. 1, those changes
were slight. Taking this into consideration as well as the appearance of well determined
isosbestic points we could accept that in the concentration ranges glven in Fig. 1 mainly
monomers and dimers appear in the solutions.

In Fig. la are presented the absorption spectra of rhodamlne B for different dye
concentrations. The measurements were carried out in neutral water solutions in which
rhodamine B occurs mainly in the form of a bipolar ion. However, in the range of higher
‘concentrations where the participation of the cation form can be noticeable, both forms
still have practically identical absorption spectra [7, 8, 18, 19]. Thus the observed concentra-
tional changes of these spectra cannot be ascribed® to the relative concentration changes
of ion forms of rhodamine ‘B.

In Fig. la we have also presented the pure spectrum of monomers &'(4) and dimers

¢"(4). For rhodamine B similarly as for the remaining systems the dimer spectra have
two maxima Emax ay and Smrax @) respectively .at wavelengths A smaller and larger than
the value -of J. corresponding to the maximum of the monomer band Emarie

' The investigation of the absorption spectra of rhodamine B in water at concentratlon
changes was the sub_]ect of numerous papers [2, 7,13, 19-23]. The parameter values
characterizng the absorption spectra of rhodamine B in water, found by the quoted
authors are close to the results obtained in the present work. It refers particularly to the
position of isosbestic points* as well as to coefficient values en,, and Emax () The
value of dimerization constant K, obtained by us, is close to the value of K obtained in
papers [7,21]. The binding energy @ was not found in this work. However, for the
system of rhodamine B in a glycerin-water solution we obtained formerly [24] value
Q = 10kcal/M very close to the value obtained in Ref. [19].

In Fig. 1b there are presented the absorption spectra of rhodamien 3B for several
concentrations, as well as the spectra of monomers and dimers. The numerical characteristic
of these spectra are closest to the results obtained by Levshin and Baranova [25] who
obtained for e,y and &., gr, values 0.8 x 10°1/Mcm and 0.52x 10° 1/Mcm, respectively;
the isosbestic points they found at wavelengths 537 nm and 580 nm.

In Fig. Ic and 1d there are presented the absorption spectra of water solutions of
rhodamine S and rhodamine 3G. In the case of rhodamine S a big separation of dimer
bands &y gry 30d &gy gy draws our attention; as well as a much smaller (almost of one
order of magnitude as compared with the remaining systems) value of coefficients &,
and &y -

% A similar increase of value @ was found in Refs [17, 16].

& In contradistinction to the case of concentrational changes of the absorption spectra of rhodamine B
in ethyl alcohol [13, 14].

4 The positions of the isosbestic points found by Rohatgl and Singhal [21] remarkably dlﬁ'er from the
results of other authors. It also refers to the value of emaxcary. The teasons for the difference have been
discussed in Ref, [13]. . 1
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« -We have.not. found. any information in-literature concerning rhodamine 3G and
rhodamine S.in water. The results obtained by us prove that the association properties
.of water.solutions of rhodamine 3G are very close to the analogous properties of water
solutions of rhodamine 3B. -

Rhodamine S, however, exhibits in the range of high concentrations, exceptionally
large deformations of the absorption spectra conditioned by the presence of higher associates
in the solution.

The values of the binding energy Q in the case of the investigated systems are contained
within the limit 5= 10 kcal/M. It proves that the association of monomer 1mits in a dimer
occurs by hydrogen bonds coming into existence either between the dye molecules, in
the case when they possess active groups N-—H, or with the partlclpatlon of water mole-
cules as was shown in Refs [17, 26, 27].

4. The structure of dimers

The dimer spectra of rhodamines presented in Fig. 1 show a structure appearing
as two bands. The maximum of one of them &, an is shifted towards the shortwave
side versus the monomer maximum &max; the maximum of the other one S () oceurs
on -the longwave side of gp,,.

The relative intensities of these bands as well as the dimer. band splitting into compo-
:nentsv‘can.'b.e expl‘ained by: the theory -of molecular excitons developed for interactions

EXCITED. o ) = €,
STATES " . =
, ! i Eg
l .
GROUND 4 ‘ |
STATE MONOMER" DIMER
LEVELS LEVELS

Fig. 4. Electronic energy levels diagram for a monomer and dimer

-among chromophors of monomer units in a dimer [28-30]. Optical transitions between
the energy levels presented in Fig. 4 correspond to the mentioned dimer as well as the
‘monomer bands. Knowing the pure spectra of a monomer and dimer we can obtain certain
information as to the structure of the dimer by regarding its simpler miodels.

“ For the explanation of the dimer band splitting in the case of dye molecules two
models allowing transitions Ey « G i E; + G [31, 32] were accepted. The schemes of
these models are presented in Fig. 5. The arrows denote the transition dipole moments
in the monomer molecules and o is the angle between the transition dipoles in the dimer;
9 is the angle between the transition dipoles and the line connecting the centres of molecules
separated by a distance R. Rig. 5a presents a parallel plane twist angle model and Fig. 5b —
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an in-plane oblique angle model. In order to find the intermolecular distance R and angle a
between the monomer units in the dimer we shall apply model a. It is the simplest model
allowing for the existence of band H with a larger intensity than band J in the dimer
spectrum which corresponds qualitatively to experimental results obtained in this work.

a b 1%
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|
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V§ f e \ N
L[ '
B

Fig. 5. Schematic diagrams of dimer models: a — parallel plane dimer model; b — oblique plane dimer
model ’

Besides, the plain parallel dimer model corresponds to the most stable configuration of
the approximate planar dye molecules.
In the dipole-dipole approximation the magnitude of exciton splitting is given by [33]:

2|M|? cos « _2Dcosa

4 = ,
Y heR® heR>

@

where M is the transition moment for the singlet-singlet transition in the monomer and
D — the dipole strength. The square of the transition moment M is a measure of the
oscillator strength f for the transition. Thus the “dipole strength” is related to the oscil-
lator strength by:

3he? he

= — A 1.07x 10714 —f[erg cm’], ©)

8n*mc v v
where m is the electron mass and e the electron charge. The oscillator strength has been
found by integrating the molar absorption coefficient &'(v) over the monomer band

f=432x10"° | &mdv @

band

[numerical factor in (4) is expressed in cm? MI~!]. Angle « can be computed from rela-
tion [29, 31]

2Dy = D(1+4cosa), 2D; = D(1+cosa) (5)

where Dy, D; and D are “the dipole strengths” of the: transition for energy levels Eg, E;
and E, respectively. The factors 2" in Eq. (5) appeared because ¢”'(v) was expressed per
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monomer unit [cf. Eq. (8)]. According to (3) the dipole strengths are proportional to

the appropriate oscillator strengths. Hence

tg

2 & ___.fJVH
2 favy’

(6)

where f; and fy are oscillator strengths for the J and H bands in the dimer spectrum
and v; and vy are maximum positions of these bands.
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The intermolecular distance R can be computed from Eq. (2). Taking (3) into.account
one obtains: .

10 1/3
R = (2'_14 >‘_1°_fc93_°‘> [A]. (7)
: vAy

Finding angle « on the ‘basis of (6) requires first a computation of the value of ‘the
oscillator strengths f; and fg. In order to achieve it we have decomposed’;the dimer
spectrum into component bands ¢y and gy applying the procedure worked out by Stone [34]
which leads to the applying of the method of least squares to nonlinear functions® and
finding the best fit of the curve computed to the experimental curve by the way of successive
iterations. » ,

Fig. 6 presents the dimer spectra and their decompositions for rhodamines listed
in Table TIL Circles mark the experimental spectra of dimers and solid and dashed lines —
approximated by the linear combination of the Gauss and Cauchy function — dimer
spectra and component bands H and J, respectively. '

TABLE IIL

Spectral peak positions for monomer and dimer molecules and splitting A4y computed according to )

1 | 2. 3. 4 5 6

System V' VH 123 AV—VH—VJ ‘ Ay’ ®
‘ cm! ‘ et | cmt cm? cm!

| | |
I-RB/H.O 18080 19140 17840 1300 1100
II—-R3B/H,O ) 18000 ‘ 19100 ‘ 17800 1300 1100
III—R3G/H,0, pH = 0.92 ‘ 18760 19860 18440 1420 ‘ 1380
I’ - R3G/H,0, pH = 3.65 18720 19820 18380 1440 1420
IV—RS/H,O 17620 ‘ 19630 ‘ 17720 1910 1180
V—R6G/H,0, T; = 293K ‘ 19020 20100 18600 1500 ‘ 1240
V'—R6G/H,0, T, = 350K 19000 ‘ 20040 | 18660 1380 1320
19840 | 18620 1220 1090

VI—-R6G/GW?, 5 = 1.7 poise ‘ 18760

a GW-glycerin-water solutions,
b half width of monomer band.

In all the investigated cases we observe strong H bands and relatively weak J bands.
In Table III there are listed the values of wave numbers determining the position of the
maxima of the monomer band, the dimer bands H and J as well as the values of exciton
splitting 4v. In column 6 for comparison, are given the values of the -half width 4v" of

5 Similarly as in Ref. [35] we assumed that spectra &”(v), &) and em(¥) can be approximated by
a linear combination: of Gauss and Cauchy functions.
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the monomer band. Values Av surpass 4v' for all the investigated sytems® so these systems
correspond to the strong coupling case where vibronic interactions can be neglected.

In Table I'V we listed the values of the oscillator strengths £, f; and f; of the monomer
band as well as those of bands H and J and the values of the computed structural parameters

TABLE 1V

Oscillator strengths of the monomer band and of dimer bands A and J and the values of the computed
structural parameters of dimer

1. _|2‘3|4 |6 | B 8"'9]1011|12

v | (R 7 ’—|V 7 : i —— =S
Svst |f|fH Jr ey ) | 1 R
i | — | — | — | x10°yMem | x10%/Mem | deg A
: e
I-RB/H,0 - ‘0.657‘0.541 0200 0763 0.800|0.340|0.480j64.4 674755 6.4
1I—R3B/H,0 0.550 | 0407 | 0.153 | 0.547  0.575 02830377 64.8|71.4 | 780 60
HI-R3G/H,0, pH = 0.92 ‘0.586 0.461 | 0.088 [0.610 | 0.610 | 0.170 0.270 48.8 | 55.7 673 67
II'-R3G/H,0,pH = 3,65 0554 0.531 0.095 0717 0.718| 0.190 | 0.293 474|545 651 6.8

0.094 | 0.094 | 0.016 | 0.016 | 40.2 | 44.3 443/ 3.5
0.730| 0.057 | 0.141 | 25.6 | 30.8 | 47.5| 7.4

IV-RS/H,O 0.087 | 0.066 | 0.008
IV'—R6G/H,0, Ty = 293 K 0.605 | 0.562 | 0.027 | 0.747
V'—R6G/H,0, T, = 350K 0.600 | 0.507 | 0.116 | 0.740 | 0.753 | 0.170 | 0.270 | 52.7 | 51.2 ‘ 61.8| 6.7
VI-R6G/GW, n = 1.7 poise 0.587 | 0.513 ‘0.225 | 0.730I 0.773 1 0.410 | 0.510 | 68.7 [ 73.7 78.2| 5.8

b The values of the maxima of bands H and J in the case of a separated and not separated dimer
spectrum &”(»). The values « in column 9 computed from relation (6); in columns 10, and 11 on the basis
of (6) for the values g, &7 from columns 5, 7 and 6, 8.

o and R for dimers. In the Table IV there are also given the values of the maxima of bands H
and J found after the decomposition of the dimer spectrum into component bands (columns
5 and 7) and those found directly from the dimer spectra (columns 6 and 8). In column 9
the values of angles computed from relation (6) have been listed, and in columns 10 and 11 —
those found from the relation [21]

L

tg 9 fH 8;} N (6)
Values o from column 10 were obtained on the grounds of the values e; and &y from
columns 5 and 7 and values a listed in column 11 on the basis of the data from columns §
and 8. It can be seen that the approximated Eq. (6') gives values & much higher than
Eq. (6) (cf. columns 10, 11 and 9) first of all when for &) and &, were taken the values
for the not decomposed dimer spectrum. It is understandable that the approximation of
the ratio of the oscillator strengths f;/f;; by &7/ey is a rough approximation on account of
‘a much bigger relative half width of J band as compared with H band (cf. Fig. 6). Besides,

¢ In Table III there are also given the suitable data for rhodamine 6G whose spectral properties
we investigated formerly [16].
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on account of a partial overlapping of bands H and J mainly in the region of H band the
values emax ry Of the separated H bands are much lower than the analogous values found
from the not decomposed dimer spectrum. Values Emmax (J) AT, in fact, unchanged in both
cases. . e
The obtained value o for the system RB/H,0 is remarkably higher than the value 52°
obtained in Ref. [21] for the reason that angle a was found on the grounds of an approxi-
mated formula (6") giving values of « which were too large. However, the intermolecular
distance R turned out to be slightly smaller than in Ref. [21] where for R they obtained
the value 8.3 A.

Also the strong hypochromic effect connected with dimerization observed in the cited
reference for the system RB/H,O has not been confirmed.
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Fig._ 7. Dependence of integrated absorption coefficient &jq¢ (C) vs the fraction x of monomer in solution:
oK ® — RB/H;0; x — R3G/H,0, pH — 0.92; A —R3B/H;0; O —RS/H.0

In Fig. 7 we present the dependence of the integrated absorption coefficient vs the
monomer fraction x in solution”. Similar dependencies are presented for the remaining
systems from Table I. For the system RB/H,O gy(c) is in fact constant for the entire
range of changes x and thus concentration ¢.

7' The absorption coefficient of solution &(», c) for the wave number #-and concentration ¢ can be
presented. as: .
‘ &, ©) = £@)x-+e" @) (1—x). ®
After integratihg (8) over » we obtain
eint(6) = (Eint— Era)X +Eints ®)
where
eint(c) = fe@, ¢) dv.

The dimer molar extinction coefficient () in expressed here per monomer unit.
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As it results from (8) it is possible in the case when Eine = Eine. Values &,(c) for
x=0and x = 1 corresponding to &j,, and &, are also marked in the figure. A slight
hypochromic effect is observed for the system R3B/H,O and a slightly bigger one for the
system RS/H,O.

We have also investigated the influence of PH on the structure of the dimer of rho-
damine 3G in water. Pure absorption spectra of dimers and monomers for two different
values of pH are presented in Fig. 8. These spectra differ slightly which results in a slight

10
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o A

£
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Fig. 8. The absorption spectra of monomers and dimers of rhodamine 3G in water for different values of pH

difference of the structural parameters value @ and R (cf. Table IV). However, the values
of the dimerization constant K and binding energy Q at a larger value of pH are noticeably
lower®. The direction of those changes is the same as in Ref. [32] and proves that an
ionized molecule has a less stable dimer state than a neutral molecule.

Knowledge of the pure spectrum of a dimer and monomer allows one to obtain
certain information as to the structure of a dimer on the basis of a very simple model.
Still, in the cases when the absorption spectra have a more complex structure [8, 15] the
simple theory of molecular exciton is not sufficient to its explanation.

The authors thank J. Kusba, M. Sc., for his help in working out the programme for
the computer and Mrs R. Sodolska for her technical help.
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