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bstract. The electronic spectra of the 1:1 rhodamine B base
RBB: leuco dye) with ethyl gallate (EG: developer) have been stud-
ed in solution and in the solid state (i.e., in spin-coated films and in
ingle crystals) on the basis of the crystal structure analysis. There
re two crystalline phases in the 1:1 “RBB/EG” colorant at low (93 K)
nd room temperatures. In solution, the maximum color intensity
ccurs with the 1:1 molar ratio of RBB with HCl, giving an absorption
and at about 556 nm. In the solid state of spin-coated RBB/EG

ayers, an absorption band appears around 577 nm due to the ring
pening caused by the hydrogen bond formation between RBB and
G. However, the color intensity is found to be limited to about 80%
f the maximum available value. This has been attributed to a re-
idual fraction of RBB molecules whose lactone ring is still closed
ue to steric hindrance. In addition, the polarized reflection spectra
easured on single crystals of RBB/EG exhibit a drastically different

pectrum (i.e., absorption maximum about 480 nm) from that of
pin-coated films of the amorphous state. This result suggests that
trong excitonic interactions of the H-aggregate type are operative

n single crystals of RBB/EG that significantly displace the absorp-
ion band toward shorter wavelengths. © 2009 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.2009.53.5.050303�

NTRODUCTION
euco dyes are known to form brilliant colors when their
actone rings are opened, either by protonation in solution
r by hydrogen bond formation in the solid state.1–10 There-

ore, leuco dyestuffs are widely used in practice for facsimile
apers as well as for rewritable media.2,3,10 One of the typical
xamples of the leuco system is shown in Figure 1(a), where
hodamine B base (RBB) is a leuco dye and ethyl gallate
EG) is a phenolic acid used as a developer.10 The coloration
s considered to arise from the opening of the lactone ring,
eading to the formation of a push-pull system composed of
he donor site �–N�CH3�2� and the acceptor site
=N+�CH3�2� in the xanthene ring as shown in Fig. 1(b).
owever, the driving force of the opening of the lactone ring

s different in solution from that in the solid state. In solu-
ion, the proton of an acid, for example, hydrochloric acid,
pens the lactone ring (–O–) to form a carboxyl group
–COOH) [Figure 2(a)]. On the other hand, in the solid
tate, hydrogen bond formation between the carboxylate
–COO−� of RBB and the OH groups of EG induces the ring

IS&T Member.
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. Imaging Sci. Technol. 050303-
pening [Fig. 2(b)]. The opening of the lactone ring (i.e.,
ydrogen bond formation) and its closure (i.e., collapse of
he hydrogen bond) by heating are utilized in practice for
he reversible imaging systems employing leuco
yestuffs.2,3,10

As described above, the color generation mechanism is
imply the opening of the lactone ring. However, the extent
f the ring opening exerts a profound influence on the ab-
orption maximum in the spectral region as well as on its
inctorial strength. Especially, in the solid state, spectral dis-
lacement takes place quite often in colorant systems (i.e.,
yes and pigments) due to intermolecular interactions, so-
alled excitonic interaction.11,12 This interaction is quite sig-
ificant in molecular crystals where the molecules with a
igh absorption coefficient are periodically arranged. These
nexplored questions motivated us to study the crystal and
lectronic structures of the RBB/EG system with special at-
ention to the tinctorial strength and spectral changes in
olution and in the solid state.

The structures of leuco colorants of both the triphenyl
ethane and fluoran types were reported by Rihs and
eis.13,14 On the other hand, the structure of RBB/EG at

oom temperature was studied by Sekiguchi et al.10 The
BB/EG complex forms a dimer �RBB¯EG¯EG¯RBB�

igure 1. �a� Molecular conformation of RBB �colorant� and EG �devel-
per� and �b� the typical push-pull system of the xanthene moiety due to

he opening of the lactone ring, consisting of the chromophore and the

uxochromes.
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hrough intermolecular OH¯O hydrogen bonds. In a sub-
equent reinvestigation of the structure, we found the RBB

olecule to be disordered.15 In addition, we have recently
ound a second phase of RBB/EG at low temperatures
93 K).16

XPERIMENT

aterials and Crystal Growth
BB and ethyl 3,4,5-trihydroxybenzoate (EG) were pur-
hased from Sigma-Aldrich and Wako Pure Chemical
ndustries, Ltd., respectively. Single crystals of the 1:1 com-
lex of RBB with EG were grown by recrystallization from a

oluene solution which includes an equimolar quantity of
oth chemicals. After 24 h, a number of red crystals were
btained in the form of blocks.

quipment and Measurements
eflection data were collected on a R-axis rapid-F diffracto-
eter from Rigaku using Cu K� radiation �λ�1.5418 Å) at
180 °C and room temperature. The structure was solved
y direct methods [SIR2004 (Ref. 17)] and refinement was
arried out by the full-matrix least-squares method on F2

SHELXL-97 (Ref. 18)].
Solution spectra were recorded on a UV-2400PC spec-

rophotometer (Shimadzu). Reflection spectra on single
rystals were measured by means of a UMSP80 microscope-
pectrophotometer (Carl Zeiss). An Epiplan Pol (�8) objec-
ive was used together with a Nicol-type polarizer. Reflectivi-
ies were corrected relative to the reflection standard of
ilicon carbide.

Simultaneous measurements of both diffraction dia-
ram and differential scanning calorimetry (DSC) were also
arried out on RBB/EG powders under N2 with a Rigaku
ltima III x-ray diffraction (XRD)/DSC differential scan-
ing calorimeter over the temperature range between 20 and
00°C. The heating rate was 2°C/min.

olecular Orbital Calculations
emiempirical molecular orbital (MO) calculations were
erformed using a QUANTUM CACHE ver. 3.2 program
ackage19 which includes MOPAC ver. 94.10 and the ZINDO

rograms. Geometry was optimized for protonated RBB, us-
ng the AM1 Hamiltonian. Optical absorption bands were
alculated with the ZINDO program for the optimized geom-
try as well as for the x-ray structure using the x, y, and z
oordinate set.

igure 2. �a� lactone ring opening due to protonation in solution and �b�
ue to hydrogen bond formation in the solid state.
b

. Imaging Sci. Technol. 050303-
ESULTS AND DISCUSSION
rystal Structure
able I details the crystallographic parameters for the struc-
ure of RBB/EG at −180°C (Ref. 16) and at room
emperature.15 The molecular conformation of the 1:1 com-
lex of RBB/EG is schematically shown in Figure 3, illustrat-

ng that the lactone ring of RBB is opened to form a zwit-
erionic structure. There are two independent RBB/EG

olecules in the unit cell in the low-temperature phase, as
chematically shown in Figure 4(a) and designated RBB-A
nd RBB-B. In RBB-A, the ethyl groups of the diethylamino
ubstituents at each extremity of the xanthene lie on the
ame side of the xanthene plane. On the other hand, in
BB-B, the ethyl groups of the diethylamino substituents lie
n opposite sides of the xanthene plane. The dye/developer
omplexes (for example, RBB-A and EG-A) are formed
hrough OH¯O hydrogen bonds between the O atoms of
he RBB molecule and the OH groups of the EG molecule.
n addition, there are also OH¯O intermolecular hydrogen

able I. Crystallographic parameters for low- and high-temperature phases of
BB/EG.

Low-temp. phase
�−180° C� High-temp. phase �RT�

ormula C74H80O16N4 C37H40O8N2

olecular weight 1281.42 640.71

rystal system Triclinic Triclinic

pace group P-1 P-1

2 2

�Å� 11.3689�2� 11.4721�3�

�Å� 16.3654�3� 11.8036�3�

�Å� 17.6518�3� 12.4816�3�

� °� 94.1760�7� 85.805�2�

� °� 96.1440�7� 87.202�1�

� °� 93.7790�7� 81.973�1�

�Å3� 3247.69�10� 1667.84�7�

ensity �g / cm3� 1.310 1.276

igure 3. Schematic illustration of the zwitterionic structure of RBB/EG.
he direction of the transition moment ��� as deduced from MO calcula-
ions points along the long-molecular axis of the xanthene moiety.
onds between two EG-A molecules. This forms

Sep.-Oct. 20092
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centrosymmetric hydrogen-bonded dimer
RBB-A¯EG-A¯EG-A¯RBB-A� as shown in Figure 5.
ikewise, another dimer structure is also possible in the low-

emperature phase (only RBB-B and EG-B). The dimeriza-
ion of EG molecules alone in the middle of the complex is
imilar to that found in n-propyl gallate.20–22

The phenolic hydrogen atoms of EG as discussed in the
ntroduction are localized on Fourier density maps in both
BB-A and RBB-B. The O–H distances are 0.92(2)–0.94(4)
. This indicates that the proton transfer from EG to RBB is
ot the case in the solid state. Furthermore, in the carboxy-

ate group �–COO−�, the C–O distances are found to be
early equal [bond lengths: about 1.254(2)–1.266(2) Å].
his is due to the electron delocalization in the carboxylate
s schematically shown in Fig. 3. Details are given in Ref. 16.

In the room-temperature phase,15 there is only one in-
ependent RBB/EG molecule in the unit cell. Furthermore,

he RBB molecule is structurally disordered as shown in the
eft side of Fig. 4(b) with a methyl group of one ethyl sub-
tituent of a diethylamino group at one extremity of the
anthene moiety [occupancies: 0.735(5)/0.265(5)] as well as
he entire diethylamino-substituent (i.e., the N atom and the
ssociated C and H atoms) at the other end of the xanthene
nit disordered over two positions [occupancies: 0.653(7)/
.347(7)]. The present disordered structure can be separated
nto RBB-A (“major/major” combination), RBB-B (“minor/

inor”), along with RBB-C and RBB-D as shown on the
ight side of Fig. 4(b) on the basis of the low-temperature
tructure of RBB-A and RBB-B. Of these, the previous re-

10

igure 5. Dimerized structure of RBB/EG in the low-temperature phase:
BB-A¯EG-A¯EG-A¯RBB-A.

igure 4. Schematic illustration of the molecular conformation: �a� low-
emperature phase and �b� RT phase. The ratio of the RBB-A/RBB-C in the
oom-temperature phase is about 7/3.
orted by Sekiguchi et al. only identified RBB-A C

. Imaging Sci. Technol. 050303-
major/major). RBB and EG form a hydrogen-bonded dimer
t room temperature, just as in the case of the low-
emperature phase. The existence of the four possible RBB
onformations leads to the formation of 16 kinds of
BB¯EG¯EG¯RBB dimers in the crystal.

olor Generation of RBB in Solution with EG or HCl
he color generation of RBB/EG is basically due to the acid-
ase reaction between EG (acid) and RBB (base). We moni-
ored, therefore, simultaneously both the neutralization pro-
ess and the resulting absorption spectra. The
onductometric titration of RBB with EG or HCl provides
s with valuable information about the percentage of the

actone ring opening.
Figure 6 shows the conductometric titration of RBB

2�10−4 M� with HCl (0.01 M) or EG (0.01 M) in a
ethylethylketone (MEK) solution. With the HCl titration,

he conductivity increases linearly and then becomes con-
tant, showing the equivalence point at the molar ratio of
BB:HCl=1:1. This indicates that the opening of the lac-

one ring is complete (i.e., 100%). The absorption band at
bout 556 nm grows rapidly as shown in Figure 7(a) with
he opening of the lactone ring accompanied by an isosbestic
oint around 340 nm. The molar extinction coefficient for

he complete ring opening is about 110,000 L mol−1 cm−1.
n the contrary, the titration with EG brings about no no-

iceable increase in electrical conductivity (Fig. 6). This in-
icates that EG is scarcely dissociated in MEK and that the

actone ring is still closed. In fact, the absorption band
round 556 nm is negligibly small with the 1:1 ratio of RBB
ith EG, as shown in Fig. 7(b). The above results indicate

hat the protonation in solution (i.e., ring opening) occurs
nly with HCl not with EG.

olor Generation of Spin-coated RBB by Protonation
ith Vapors of HNO3
similar protonation-experiment was also carried out in the

olid state, using spin-coated RBB (thickness: about 230 Å).
rotonation was carried out with vapor of HNO3 on spin-
oated RBB. The meaning of this experiment is to study the
aximum available tinctorial strength induced by protons

hat can freely migrate throughout the spin-coated RBB to
rotonate all RBB molecules. Figure 8(a) shows the change

n the absorption spectra as a function of exposed time.

igure 6. Conductometric titration of RBB with HCl or EG in a MEK
olution.
oloration due to protonation with HNO3 proceeds quite

Sep.-Oct. 20093
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apidly and the saturation of the absorption spectrum (i.e.,
omplete opening of the lactone ring) is observed in 2 s. The
omplete opening is also borne out by the IR spectra
Fig. 8(b)], showing that the lactone ring at 1750 cm−1 dis-
ppears due to protonation. Instead, the four characteristic
ands (1615, 1435, 1368, and 1270 cm−1) for the carboxyl
roup appear new, accompanied by intensity enhancement
f the OH stretching band around 3300 cm−1. The spectral
hange due to protonation is quite similar to that of the
onductometric titration of RBB with HCl shown in
ig. 7(a). However, the absorption maximum occurs at 577
m in spin-coated RBB while at 556 nm in solution, show-

ng a bathochromic shifted by about 21 nm on going from
olution to the solid state. The present shift can basically be
nterpreted in terms of the crystal shift upon
rystallization.11,12

pectral Shift of Spin-coated RBB/EG with Vapors of
NO3
e then studied the influence of protonation with vapors of

itric acid on the spin-coated RBB/EG �=1:1� (thickness:
bout 300 Å) in order to study the percentage of the lactone
ing opening. Figure 9(a) shows the absorption spectra of
pin-coated RBB/EG and its additional vapor treatment with
itric acid. It should be noted that protonation with vapors
f HNO3 displaces the absorption band to 577 nm. Further-
ore, vapor treatment remarkably enhances the tinctorial

trength, indicating that there is a fraction of RBB molecules

igure 7. �a� Spectral change in RBB with HCl and �b� spectral change
ith EG.
hose lactone ring is still closed in spin-coated RBB/EG. On w

. Imaging Sci. Technol. 050303-
he basis of the enhanced optical density, the percentage of
he lactone ring opening prior to acid vapor treatment is
stimated to be about 80%. This signifies that the complete
pening of the lactone ring is rather difficult in spin-coated
lms, presumably because of the steric hindrance of each of

he component molecules. Similar or even greater steric hin-
rance will occur in practical systems composed of a mix-

ure of leuco dye/developer particles. Fig. 9(b) is the XRD
iagram for spin-coated RBB/EG, showing an amorphous
hase. The halo diffraction pattern around 2�=26° is due to

he glass substrate used.
Now, we discuss the difference in maximum absorption

avelength �λmax) in the spin-coated RBB/EG (567 nm) and
he spin-coated RBB protonated with HNO3 (577 nm). We
elieve that the protonation (i.e., ring opening) of spin-
oated RBB by vapors of HNO3 proceeds quite easily and
apidly since the proton is a vanishingly small cation and
hus can easily migrate to the bulk. In addition, the proton
equires much less space for the opening of the lactone ring
s compared with bulky EG. Therefore, protonation of spin-
oated RBB with vapors of HNO3 is expected to bring about
flatter xanthene plane than that of spin-coated RBB/EG.

able II shows the calculated absorption bands for the zwit-
erionic RBB molecule optimized by MO calculations and
lso for the x-ray structure of the room-temperature phase.
ur visual observation of both structures supports the in-

erence that the geometry-optimized structure is entirely flat

igure 8. �a� Spectral change in the spin-coated RBB by protonation with
apors of HNO3 and �b� IR spectra before and after protonation. Film
hickness: 230 Å.
hile slightly deformed in the x-ray structure. As seen from

Sep.-Oct. 20094



T
t
s
f
8

P
o
P
t
s
a
m
F
c
p

p
b
t
5
q
m
4
d
c
p
t

(
p
l
i
t
s
c
t
e

w
t
b
d
c
f
t

F
p
s

R

R

F
p

F
R

Sato, Shima, and Mizuguchi: Electronic spectra of the 1:1 rhodamine B base with ethyl gallate in solution and in the solid state

J

able II, the geometry-optimized structure gives an absorp-
ion band at longer wavelengths with enhanced oscillator
trength than that of the x-ray structure. This tendency is
airly in good agreement with the experimental result [Figs.
(a) and 9(a)].

olarized Reflection Spectra Measured on Single Crystal
f RBB/EG
olarized reflection spectra of RBB/EG were measured on
he (010) plane of single crystals by means of a microscope-
pectrophotometer. The direction of the transition moment
s deduced from MO calculations points along the long-
olecular axis of the zwitterionic structure as shown in

ig. 3. The molecular arrangement on the (010) plane of the
rystal structure is shown in Figure 10. Figure 11 shows the

igure 9. �a� Spectral change in the spin-coated RBB/EG by additional
rotonation with vapors of HNO3 �film thickness: 300 Å� and �b� XRD of
pin-coated RBB/EG, showing an amorphous phase.

Table II. Optical absorption bands of RBB according to MO calculations.

Absorption band

	
�nm� f

BB �H+� Geo. Opt. 455.8 1.13

BB �x ray� RT 426.0 0.69
olarized reflection spectra for polarization parallel or per- �

. Imaging Sci. Technol. 050303-
endicular to the transition moment. A prominent reflection
and appears around 480 nm for polarization parallel to the
ransition moment, together with two small peaks around
00 and 550 nm. On the other hand, the reflection is totally
uenched for polarization perpendicular to the transition
oment. As judged from the reflection maximum around

80 nm, the reflection band in single crystals is drastically
isplaced toward shorter wavelengths by about 100 nm as
ompared with that in spin-coated RBB/EG [Fig. 9(a)]. The
resent hypsochromic shift can basically be interpreted in

erms of excitonic interactions described below.
In general, the interactions between excited molecules

i.e., so to speak, excitonic interactions) will appear to dis-
lace the absorption band toward longer or shorter wave-

engths, depending on the molecular arrangement.11,12 This
nteraction is especially pronounced when the molar extinc-
ion coefficient is high as in the case of RBB/EG [over 105 as
hown in Fig. 7(a)] and the molecules are arranged periodi-
ally. According to the molecular exciton theory,11,12 the in-
eraction energy ��Eexciton� is given by the dipole-dipole
quation,

�Eexciton = ���2�1 – 3 cos2 ��/r3, �1�

here � denotes the transition dipole, r is the distance be-
ween two central points of two dipoles, and � is the angle
etween one dipole and the vector connecting the two point
ipoles. This interaction, however, falls off as the inverse
ube of distance, so the most of the interaction should come
rom the nearest neighbors. The energetic shift is then de-
ermined by the strength of the interneighbor coupling

2

igure 10. Molecular arrangement of RBB/EG molecules on the �010�
lane.

igure 11. Polarized reflection spectra measured on the �010� plane of
BB/EG single crystals.
��� � which directly depends on the absorption coefficient

Sep.-Oct. 20095
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f the molecule, as well as the mutual relative orientation of
he transition dipoles [i.e., �1–3 cos2 ��]. Below the critical
ngle of �=54.7°, a J-aggregate-like bathochromic shift will
esult, and above it an H-aggregate-like hypsochromic shift
ill be the case. Accordingly, a large hypsochromic shift oc-

urs in the closely overlapped molecules shown in Figures
2(a) and 12(b), as seen from the short and long-molecular
xes, respectively. The interplanar distance and the slip angle
re about 3.51 Å and 80°, respectively. This suggests that
trong excitonic interactions of the H-aggregate type are op-
rative in single crystals of RBB/EG to displace the absorp-
ion band toward shorter wavelengths.

On the other hand, no excitonic interaction occurs in
he amorphous phase as found in spin-coated RBB/EG
Fig. 9(b)]. Therefore, the absorption spectrum [(Fig. 8(a)]
ooks like the molecular spectrum in solution shown in
ig. 7(a).

ppearance and Disappearance of the Color
s discussed above, the appearance and disappearance of the

olor in spin-coated RBB/EG are due to the formation or
ollapse of OH¯O hydrogen bonds between RBB and EG.
igure 13 shows the spectral change in spin-coated RBB/EG
thickness: about 220 Å) as a function of temperature. The
iscoloration begins at about 100°C and is completed
round 200°C. The discoloration is obviously correlated
ith the lactone ring closure that is induced by the weaken-

ng of OH¯O hydrogen bonds due to the lattice vibration
f the molecules at elevated temperatures.

Figure 14 shows the XRD and DSC curves, both of
hich were measured simultaneously. The diffraction dia-
ram is shown on the left side, while the DSC curve is dis-

igure 13. Absorption spectra of the spin-coated RBB/EG as a function
f temperature. Film thickness: 220 Å.

igure 12. �a� Overlap of two of RBB molecules: �a� as seen from the
hort-molecular axis and �b� as seen from the long-molecular axis. The
nterplanar distance and the slip angle are about 3.51 Å and 80°,
espectively.
layed on the right side. The diffraction peaks at room tem-

. Imaging Sci. Technol. 050303-
erature agree perfectly with the result of the structure
nalysis on single crystals.15 All diffraction peaks remain
early intact in the temperature range between −40 and
25°C, although the peaks around 2�=16.3°, 21.4°, and
5.8° [(120), (221), and (3-10) planes, respectively] move
lightly toward higher angles with increasing temperature.
he present result indicates that no phase change occurs up

o 199°C, when the diffraction peaks disappear and pow-
ered RBB/EG melts. As judged from the present result, the
BB/EG complex is obviously not adequate for those rewrit-
ble imaging systems which are supposed to operate at rela-
ively low temperature. It is interesting to note that practical
ewritable leuco dye imaging systems are designed to com-
rise long chain developers that possess low melting points.

ONCLUSIONS
he electronic spectra of the 1:1 complex of RBB with EG
ave been investigated in solution and in the solid state on

he basis of the crystal structure. The conclusions can be
ummarized as follows:

(1) There are two crystal phases in RBB/EG: low and
room-temperature phases. In both phases, the
RBB/EG complex forms a dimer
�RBB¯EG¯EG¯RBB� through intermolecular
OH¯O hydrogen bonds.

(2) Protonation in solution occurs only with HCl not
with EG.

(3) The percentage of the lactone ring opening is esti-
mated to be about 80% in the spin-coated RBB/
EG.

(4) The difference in maximum absorption wavelength
�λmax) between the spin-coated RBB/EG and the
spin-coated RBB protonated with vapors of HNO3

can be attributed to the planarity of the zwitteri-
onic structure of the xanthene plane.

�5� The drastic difference in λmax between the spin-
coated RBB/EG and the single crystals of RBB/EG
is due to the difference in molecular arrangement.
The former is characterized by randomly arranged
molecules while the latter by periodically arranged
molecules.

�6� Appearance and disappearance of the color in
RBB/EG corresponds to the formation or collapse
of the hydrogen bond between RBB and EG,

igure 14. Simultaneous XRD/DSC diagrams as a function of
emperature.
respectively.

Sep.-Oct. 20096
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