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Abstract

The ground state electronic structure of boron, zinc and aluminum complexes of 3,5-di-tert-butylsalicylic acid (t-BSA) was studied by
fluorescence spectroscopy. These compounds are negative charge control additives (CCAs) commercially known as LR120, Bontron E84
and Bontron E88 respectively. They are synthesized by condensing the corresponding metal salts with t-BSA and are primarily characterized
by elemental analysis. Spectroscopic analysis, by IR and '>C nuclear magnetic resonance (NMR), fails to provide adequate structural
information on these materials. Are they salts or chelate complexes? Previous studies in our laboratory have shown thct lithium 3,5-di-tert-
butylsalicylate (Lit-BSA) exhibits a characteristic, long-wavelength fluorescence. The Stokes shift (from peak to peak) is approximately
9300 cm™~". In this work, we use the fluorescence of Lit-BSA as a probe of the ionicity of the dibutylsalicylaty groups in LR120, Bontron
E84 and Bontron E88 (in the ground state). Comparison of the fluorescence spectra reveals that the dibutylsalicylato groups in LR120 are
not ionic. In fact, they resemble an ester. We conclude that LR120 is a cyclic boron ester and that the B-O bond is covalent. The comparison
also reveals that the dibutylsalicylato groups in Bontror: E84 and Bontron E88 are ionic in both polar and non-polar solvents. The strong ionic
character in non-polar solvents, which differs from that of Lit-BSA, suggests that Bontron E84 and Bontron E88 are chelate complexes and
that the di-tert-butylsalicylato groups are bidentate ligands for the Zn?* and AI** ions respectively. The technological implications of the

results obtained on the toner charging mechanism are discussed. © 1997 Elsevier Science S.A.
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1. Introdeuction

Charge control additives (CCAs) are additives which are
used in dry xerographic toners to maintain and regulate the
charge level of a toner in the developer [1]. For negative
black toner applications, acidified carbon blacks have been
found to sarve a dual function in toners [2]. They are the
black colorants as well as the negative CCAs. The require-
ments for CCAs in color toner applications are more stringent.
In addition to the charging function, which is already chal-
lenging due to the charging effect often exhibited by the
colorant, the CCA has to be visibly transparent. Many organic
and organometallic compounds are known to impart negative
charging in toners. Of the many classes of CCAs studied,
Macholdt and Sieber [3,4] showed that azo pigments and
their metal complexes, particularly chromium complexes, are
potent negative CCAs for ioners. Cr-azo complexes are
intensely absorbing in the visible region. Some of them even
have a black appearance as powders. The visible absorption,
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which inevitably interferes with the appearance of the
intended color toner, has hindered the use of these complexes
as CCAs in color toners [5]. Recent efforts have focused on
colorless compounds. A tremendous amount of attention has
been paid to 3,5-di-tert-butylsalicylic acid (t-BSA), its metal
salts such as lithium 3,5-di-tert-butylsalicylate (Lit-BSA)
{6] and its boron [7], zinc [8] and aluminum [9] com-
plexes. The trade names of the last three compounds are
LR120, Bontron E84 and Bontron E88 respectively. These
comnounds are synthesized by condensing t-BSA with the
corresponding metal salts. They can exist as a salt or a chelate
complex in the ground state and routine spectroscopic anal-
ysis, such as IR and nuclear magnetic resonance (NMR)
spectroscopy, fails to differentiate these possibilities. We felt
that an understanding of the ground state structure is essential
because it probably has an effect on the charging properties
when used in toners. In this paper, we report the use of
fluorescence spectroscopy to elucidate the ground state elec-
tronic structures of LR120, Bontron E84 and Bontron E88.
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Our spectroscopic data show that LR120 is a cyclic boron
ester and Bontron E84 and Bontron E88 are chelate com-
plexes in the ground state. The technological implications are
discussed.
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2. Experimental details
2.1. Materials

t-BSA was purchased from TCI America and was recrys-
tallized from heptane three times before use. Lit-BSA was
synthesized by neutralizing t-BSA with an equivalent amount
of LiOH in methanol. The synthesized Lit-BSA was recrys-
tallized twice from heptane. LR120 was prepared by reacting
boric acid with two equivalents of t-BSA in an aqueous KOH
solution [7]. Bontron E84 and Bontron E88 were prepared
by complexing t-BSA with zinc sulfate and aluminum sulfate
respectively [8,9]. Satisfactory elemental analyses and spec-
troscopic data (IR and '*C NMR) were obtained for all the

Table 1

compounds synthesized in this work. Ethy! acetate was spec-
troanalyzed grade from Fisher. It was purified by stirring with
K,COs, followed by simple distillation. Cyclohexane (spec-
tra), chloroform (high performance liquid chromatography
(HPLC), pentene stabilized) and tetrahydrofuran (spec-
troanalyzed grade) were also from Fisher. Ethanol was 200
proof from Quantum Chemical Corporation. All the solvents
were rouiinely stored over 3 A molecular sieves.

2.2. General techniques

The absorption spectra were recorded on a Hewlett Packard
8451A diode array spectrophotometer. The fluorescence
spectra were taken on a Perkin-Elmer MPF-66 fluorescence
spectrophotometcr, which was interfaced with a profcssional
computer (model 7700) from Perkin-Elmer. All the solu-
tions were purged with dry N, for 30 min before use. The
spectral data were corrected using the quantum counter
method with the RhB 101 solution supplied by Perkin—Elmer
[10]. The quantum yields were determined in a corrected
mode by comparison with the emission of 9,10-diphenyl-
anthracene in cyclohexane (¢;=0.93) [11]. A refractive
index correction was made for each solution [12]. The flu-
orescence lifetimes were determined using the time-corre-
lated single-photon counting technique on an LS-100-04
Fluorescence Lifetime System from Photon Technology
Incorporated (PTI). The data were analyzed on an NEC
personal computer using the software programs provided by
PTL

3. Results
3.1. Absorption spectra

The absorption spectral data of LR120, Bontron E84 and
Bontron E88 in different solvents are summarized in Table 1.
The data of t-BSA and Lit-BSA are included as references
[13].LR120, Bontron E84 and Bontron E88 form aggregates
at concentrations higher than 10~ M. In this work, the

Effect of solvent on the absorption of t-BSA, Lit-BSA, LR120, Bontron E84 and Bontron E88

Solvent D¢ Amax ® (108 €0ay) °

t-BSA Lit-BSA LR120 E84 E88
Cyclohexane 2.02 324.0 (3.66) 322.0(3.17) d d 325.6 (4.09)
Chloroform 4.80 323.0 (3.65) ~326°¢ ~326¢ 326.0 (4.20)
Ethy! acetate 6.02 316.5 (3.66) 316.1 (3.58) 3143 (3.92) 315.9 (3.99) 316.4 (3.99)
Tetrahydrofuran 7.58 317.6 (3.66) 3144 (4.10) 313.9 (4.03) 321.3 (4.15)
Ethanol 24.55 307.0 (3.63) 307.8 (3.52) 317.6 (4.02) 308.6 (4.02) 312.8 (4.05)

* Absorption maximum (nm) ( + 1 nm).

® Absorption coefficient (cm™'M~!).

¢ Dielectric constant.

4LR120 and Bontron E84 are insoluble in cyclohexane.

© These €xy, values could not be determined accurately due to the low solubility in chloroform.
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absorption of each compound was examined at varying con-
centrations and Beer’s law was showr io be obeyed at con-
centrations ranging from 1077 to 107° M. The Ay, and €,
values obtained in this concentration range are given in
Table 1.

Similar to t-BSA and Lit-BSA, the A, values of LR120,
Bontron E84 and Bontron E88 all shift to shorter wavelengths
as the dielectric constant of the solvent increases. The hyp-
scchromic shifts indicate that the energy of solvation in the
ground state is larger than that of the excited state. This
phenomenon is quite common for ketones [ 14] and suggests
that n— #* electronic transitions are involved in these
compounds.

The molar extinction coefficients of LR120 and Bontron
E84 are about twofold higher than that of t-BSA. From the
Amax @nd €qqy values, we conclude that the absorbing chro-
mophores in these compounds are the dibutylsalicylato
groups. The molar extinction coefficient of Bontron E88 is
approximately 10 000 cm~! M~ and is smaller than that
expected from three dibutylsaiicylato groups. However,
examination of the absorption bandwidths of Bontron E88 in
different solvents indicates that they are approximately 30%
broader than these of t-BSA. Therefore we conclude that the
absorbing chromophore in Bontron E88 is the dibutylsalicy-
lato group and that €,,, is additive.
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Fig. 1. Fluorescence excitation and emission spectra of t-BSA in ethanol
(approximately 5X 107¢ M).
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Fig. 2. Fluorescence excitation and emission spectra of Lit-BSA in ethanol
(approximately 5 107° M).

3.2. Fluorescence spectra

3.2.1. Emission spectra

The corrected flunrescence excitation and emission spectra
of t-BSA, Lit-BSA, LR120, Bontron E84 and Bontron E88
in ethanol are given in Figs. 1-5 respectively. The fluores-
cence maximum (Ag) and the quantum yield (¢;) data are
summarized in Table 2. The Ag values of t-BSA and Lit-BSA
are at 432 and 431 nm respectively. The entire emission
spectra of t-BSA and Lit-BJA are essentially superimposable.
The most important observation involves the emission wave-
lengths of t-BSA and Lit-BSA. The emission bands are at
anomalously long wavelengths and show no overlap with the
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Fig. 3. Fluorescence excitation and emission spectra of LR120 in ethanol
(approximately 3 X 107 M).
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Fig. 4. Fluorescence excitation and emission spectra of Bontron E84 in
ethanol (approximately 3 10~ M).
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Fig. 5. Fluorescence excitation and emission spectra of Bontron E88 in
ethanol (approximately 1 X 107°M).
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Table 2
Effect of solvent on the fluorescence emission of t-BSA, Lit-BSA, LR120, Bontron E84 and Bontron E88
Soivent t-BSA* Lit-BSA* LR120 E84 ES88
As® &€ Ae® [N Ae® & ¢ Ae® &° Ae® &
Cyclohexane ~466 0.009 ~466 0.006 426 020
C:::o:ot‘:nn ~467 a in 0.057 401 0.14 400 0.18
Ethyl acetate 434 0.15 434 0.23 368 0.13 431 0.18 428 0.22
Tetrahydrofuran ~466 367 0.087 442 027 412 0.20
Ethanol 432 0.56 431 0.67 3714 0.18 431 0.64 430 0.64
Lifetime in ethanol (ns) 68 70 23 7.1 6.6
3 Data from Ref. [13].
® Fluorescence maximum (nm) ( +2 nm).
¢ Fluorescence quantum yield ( £ 10%).
4 ¢, could not be determined accurately due to interference by fluorescing impurities.
absorption bands. The Stokes shifts are approximately 9300 T T T T T
cm ™! (from A, t0 Ag).
The fluorescence emission of LR120 is different from that
of t-BSA and Lit-BSA. The emission band is relatively -
narrow and forms a mirror-image relationship with the ;
absorption band. The Stokes shift of the emission band is 2z
. -— v
approximately 4700 cm ™", g
The emission spectra of Bontron E84 and Bontron E88 are L
very similar to those of t-BSA and Lit-BSA in terms of Ag,
¢, the shape of the emission band and the Stokes shift
(approximately 9100 cm™"). = . T .
300 350 400 450 500 550 600
3.2.2. Solvent effect V/avelength {nm)

Fig. 6 shows the effect of the solvent on the emission
spectrum of t-BSA. In cyclohexane, the fluorescence spec-
trum is broad and the intensity is relatively weak. As the
solvent polarity is increased, such as in ethanol, the fluores-
cence spectrum becomes narrower and a spectral blue shift
is observed. The blue shifi is accompanied by an increase in
the fluorescence intensity. The Ag and ¢;data are summarized
in Table 2. A very similar solvent effect is also observed for
Lit-BSA.
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Fig. 6. Effect of solvent on the fluorescence emission of t-BSA (approxi-
mately 5 107® M): (a) ethanol; (b) ethyl acetate; (c) chloroform; (d)
cyclohexane.

300 600

Fig. 7. Effect of s~.~ent on the fluorescence emission of LR120 (approxi-
mately 3% 107% M): (a) ethanol; (b) ethyl acetate; (c) tetrahydrofuran;
(d) chloroform.

The solvent-dependent emission spectra of LR120 are
giveninFig. 7 and the data are shown in Table 2. The spectral
results show that both the shape of the emission bands and
the ¢ values are far less sensitive to solvent changes com-
pared with t-BSA. Vibronic structures are seen in the emis-
sion spectrum in chloroform and this observation
distinguishes LR120 from t-BSA and Lit-BSA, as well as
from Bontron E84 and Bontron E88.

The solvent effects on the emission spectra of Bontron E84
and Bontron E88 are very similar. The data are given in
Table 2 and the typical spectral changes are shown in Fig. 8.
Although the emission spectra of Bontron E84 and Bontron
E88 in ethanol and ethyl acetate are similar to thcse of t-BSA
and Lit-BSA, different results are obtained in non-polar sol-
vents. Namely, the emission spectra in cyclohexane and
chloroform are still narrow and at long wavelengths relative
to the absorption spectra. Moreover, the decrease in ¢ from
ethanol to non-polar solvents is only a factor of 4.5, whereas
¢ of t-BSA decreases by a factor of 62 in the same solvent
range.
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Fig. 8. Effect of solvent on the fluorescence emission of Bontron E88
(approximately 1X 107® M): (a) ethanol; (b) ethyl acetate; (c) tetrahy-
drofuran; (d) chloroform; (e) cyclohexane.
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3.2.3. Fluorescence lifetimes

The fluorescence lifetimes of t-BSA, Lit-BSA, LR120,
Bontron E84 and Bontron E88 were determined in etharol
(Table 2). The lifetime of LR120 is 2.3 ns and is distinctly
shorter than those of the other five compounds (6.8 +0.3 ns).

4. Discussion
4.1. The ground state structure of LR120

The absorption data suggest that there are two dibutylsal-
icylato groups in LR120. The fluorescence emission band of
LR 120 forms a mirror-image relationship with the excitation
band (Fig. 3). The Stokes shift of the emission band is
approximately 4700 cm~'. The small Stokes shift distin-
guishes LR120 from t-BSA, Lit-BSA, Bontron E84 and Bon-
tron E88, whose Stokes shifts are 9000 cm ™' or more. As
shown later, the dibutylsalicylato groups in the last four com-
pounds (in the ground state) are essentially anionic in char-
acter. In other words, the results imply that the butylsalicylato
groups in LR 120 possess very little ionic character. We con-
clude that LR120 is a cyclic boron ester condensed from
t-BSA and boric acid. The B-O bond is covalent. This
conclusion is supported by the fluorescence lifetime meas-
urements. The singlet lifetime for LR120 of 2.3 ns in ethanol
is significantly shorter than those of t-BSA and Lit-BSA
(approximately 6.8 ns), whose fluorescences are dominated
by the dibutylsalicylate anion [13].

In a previous study of the photophysics of t-BSA, we inves-
tigated methyl o-methoxybenzoate as a modei compound
[13]. The Ag value of methyl o-methoxybenzoate in ethanol
is at 348 nm and the Stokes shift is approximately 5200cm ™.
The fluorescence is not sensitive to the solvent. The dibutyl-
salicylato groups in LR120 appear to be spectrally similar to
that in methyl o-methoxybenzoate. The singlet lifetime of
methyl o-methoxybenzoate is 1.2 ns in ethanol and is shorter
than that of LR120. It is conceivable that the increase in
lifetime in LR120 is due to the rigid cyclic dibutylsalicylato

structure. The lifetime data are consistent with the conclusion
that LR120 is a cyclic boron ester.

4.2. The ground state structures of Bontron E84 and
Bontron E88

We reported previously that the fluorescence of t-BSA and
Lit-BSA is derived from the dibutylsalicylate anion [13].
The intention of this work is to compare the spectral charac-
teristics of Bontron E84 and Bontron E88 with those of Lit-
BSA and t-BSA. If they are identical, we can conclude that
these compounds are essentially organic salts.

In ethanol, the fluorescence spectra and lifetimes of Bon-
tron E84 and Bontron E88 are similar to those of t-BSA and
Lit-BSA in terms of Az and ¢ The data suggest that the
dibutylsalicylato groups in these compounds are ionic in eth-
anol. Further insight into the ground state structure comes
from the solvent effect data in Figs. 6, 8 and Table 2. In
cyclohexane, the emission spectrum of t-BSA is broad and
the ¢ value is 62 times smaller than that in ethanol. The
solvent effects on the emission spectra of Bontron E84 and
Bontron E88 are less dramatic relative to those of t-BSA. In
fact, we observe a narrow, blue-shifted spectrum for Bontron
ER8 in cyclohexane (Fig. 8, spectrum e). Since we estab-
lished previously that the narrow, intense fluorescence is the
signature of the dibutylsalicylate anion hydrogen bonded
with the solvent molecules [ 13], our solvent effect data seem
to suggest that this ‘‘bonding’’ situation occurs for Bontron
Eg8 even in cyclohexane. The results suggest that the dibu-
tylsalicylato groups in Bontron E84 and Bontron E88 are
ionic over the entire solvent range investigated, implying that
the acidic protons in these compounds are not localized at the
oxygen atoms. They are either very labile or very delocalized.
The only ground state structure which fits this description is
a chelate complex structure in which the dibutylsalicylato
group bears two negative charges and coordinates to the cen-
tral metal ion (Zn®* in E84 and AI>* in E88).

In 1948, Clark and Kao [15] reported the X-ray crystal
structure of bis(salicylato)zinc, the unsubstituted analog of
Bontron E84. As with most X-ray crystal structures, the loca-
tions of the protons are not resolvable. Nevertheless, bond
length data suggest that the Zn—O bond in bis(salicylato)zinc
is slightly longer thar that of a covalent Zn-O bond. It was
concluded that bis(salicylato)zinc is a Zn chelate complex
in the ground state. In this work, we arrive at the same con-
clusion based on fluorescence measurements. We demon-
strate that fluorescence can be a useful tool in investigating
the ground state structure of salicylato ‘‘complexes’". This is
especially important when the structure is not accessible by
X-ray crystallography.

5. Summary and technological implications

By comparing the fluorescence characteristics of t-BSA
and Lit-BSA with LR12C, Bontron E84 and Bontron E88,
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this work demonstrates that fluorescence can be a useful tool
in obtaining structural information. Structurally, -BSA is an
acid and Lit-BSA is asalt. The spectroscopic datain this work
show that LR 120 is a cyclic boron ester and Bontron E84 and
Bontron E88 are chelate complexes. Despite the differences
in their electronic structures, all of these compounds are effec-
tive in imparting negative charges in dry toners [6-9]. The
only common structural component in these compounds, as
a whole, is that they all have a mobile cation which is signif-
icantly smaller in size than the bulky anion, e.g. the dibutyl-
salicylate anion in t-BSA and Lit-BSA, the bis(di-
butylsalicylato)boron anion in LR120, the bis(dibutyl-
salicylato)zinc anion in Bontron E84 and the tris(dibutyl-
salicylato)aluminum anion in Bontron E88. The ability of
these materials to impart negative charges suggests that their
tribocharging mechanism in dry toners may be by transfer of
the cations. Indeed, recent results reveal that the ion transfer
mechanism occurs in toners containing t-BSA and its alkaline
salts [16,17].
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