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Luminescence spectra of carbazole, diphenylamine, tri-p-tolylamine and N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-(1,1'-diphenyl)-4,4’-diamine solutions in toluene and various
polymer matrices have been studied at 5 and 295 K. The probability of intersystem
crossing from the first singlet excited state S; to the triplet one T; has been found to
depend on the molecule chemical nature, its spatial structure, and interaction with the
environment and to increases as the polymer matrix density rises, under applied external
uniaxial pressure as well as under influence of external heavy bromine atom.

WccnemoBaHbl CIEKTPHI JIIOMUHECIEHIINN PACTBOPOB Kapbasosa, AudeHMJIaMUHA, TPU-D-
Tonunamua u N,N’-gudenun-N,N’-6uc(3-metundennn)-(1,1'-gudennn)-4,4' -tuamMmuHa B TO-
JIyoJie U PasJIWYHBLIX MOJUMePHBLIX MaTpunax npu 5 u 295 K. YcraHoB/IE€HO, YTO BEPOSATHOCTD
MHTePKOMOWHAIIMOHHOW KOHBEPCUHU U3 IIePBOTO CHUHTJIETHOTO BO30Y KIEHHOro S; B TPUILIET-
Hoe cocTosiHMe T'; 3aBHCHT OT XWMHUYECKOH HTPUPOALI MOJEKYJbI, ee IMPOCTPAHCTBEHHOTO
CTPOEHUS U B3AUMOZEMCTBUA C OKPYKEHHEM U BO3PACTAET IPU YBeJIUYEHUU ILJIOTHOCTHU
MOJIUMEPHOM MAaTPUIlbl, IPU IPUJIOKEHUUN BHEIIHEr0 OJHOOCHOTO NaBJI€HUSA, a TaKiKe IIOJ
BIUAHUEM BHEITHETO TAMKEJOoro aromMa Opoma.
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Polystyrene (PS) and polycarbonate (PC)
films containing aromatic amines in high
concentrations (about 1 M) or amorphous
films formed by aromatic amine deposition
are used as hole transporting layers in elec-
tro-photography receivers for xerox devices
and laser printers [1] or in luminescent di-
odes [2]. The functions of transporting and
emitting layers in an electroluminescence
diode can be combined by introducing mo-
lecular fragments of phenyl- substituted
amines into a polymer macromolecule [3]. In
practice, tri-p-tolylamine (TTA) and N,N’'-
diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-di
phenyl)-4,4’-diamine (TPD) molecules are
used most often.

In the course of electro-photographic
process, the photoreceiver surface is
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charged in air using a corona discharge that
is accompanied by UV emission, formation
of singlet oxygen, ozone and nitrogen ox-
ides [1, 4]. As a result, various photochemi-
cal reactions run in the photoreceiver, in
particular, photocyclization of phenyl-sub-
stituted amines into carbazoles. This reac-
tion occurs as a rule under the molecule
excitation into the lowest triplet state T
[6, 6]. Besides, the non-radiative §{-T;
transition from the first singlet excited
state (S;) to T'; one (intersystem crossing) is
of great importance in deactivation of elec-
tron-excited molecules [7, 8]. Although the
S1—T; transition as well as radiative (phos-
phorescence) and non-radiative (intersystem
degradation of the electron energy) transi-
tions from the T, state to the ground S
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Fig. 1. Structure formulas of carbazole,
DPA, TTA and TPD.

one are spin-forbidden, the prohibition is
eliminated in part due to the spin-orbit in-
teraction that mixes the singlet and triplet
molecular states. The probability of the
transitions mentioned depends both on fea-
tures of the molecule itself and on its inter-
action with the environment [7, 9, 10]. Dur-
ing the xerox or laser printer operation as
well as in flexible electroluminescent
screens, the polymer layers are subjected to
mechanical loading. Therefore, it is of in-
terest to study the effect of uniaxial pres-
sure on the probability of intersystem tran-
sitions in aromatic amine molecules.

In this work, the fluorescence (F1l) and
phosphorescence (Ph) spectra are studied
and the Fl quantum yield values (®g) and
Ph decay time (tp;) values are determined
for carbazole, diphenylamine (DPA), TTA,
and TPD molecules in toluene. To establish
a dependence of the S;-T; and T;-S, in-
tersystem crossings probability on the poly-
mer matrix density (p), Fl and Ph spectra of
TTA and TPD molecules in polyethylene
(PE), polystyrene (PS), poly-(4-bromo)sty-
rene (4BrPS), polycarbonate (PC) and poly-
vinyl chloride (PVCl) are studied as well as
Fl and Ph spectra of TTA and TPD in PS,
4BrPS and PC under applied uniaxial pres-
sure (3 kbar). The structure formulas of the
studied molecules are presented in Fig. 1.

The polymer and aromatic amines prepa-
rations were dissolved in toluene. The 10 to
100 pm thick films were obtained by pour-
ing the solutions onto metal substrates and
drying at room temperature. The Fl and Ph
spectra were recorded using a SDL-1 spec-
trometer and a high-pressure mercury lamp
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Fig. 2. Fluorescence spectra (A,,, = 313 nm, T
= 295 K) of carbazole (1), DPA (2) and TPD
(8) in toluene (C = 1075 M).

with a set of absorbing glass light filters as
the excitation source. For low-temperature ex-
periments, an optical helium cryostat was used
with molten quartz windows provided with
automatic temperature stabilization system.
The absolute F1 quantum yields for TTA and
TPD were determined in relation to the Fl yield
of triphenylamine solution in toluene that gives
®p ~ 0.045 at 295 K [8]. To measure 1py, the
continuous exciting emission of the mercury
lamp was chopped by a mechanical shutter and
the section of Ph spectrum isolated by a mono-
chromator (the spectral slot width was less
than 0.4 nm) was recorded using a PMT. The
signals were processed by a PC.

To provide a high pressure, a special
micro-clamp was used consisting of two
2 mm thick steel plates that were drawn
together using two screws. The upper plate
was provided with a 8 mm dia. orifice
closed by a 6 mm thick sapphire window.
The sample was placed between the lower
plate and the sapphire window. The micro-
clamp with the sample and temperature sen-
sor and heater connected thereto was fixed
on a manipulator and placed into the work-
ing chamber of the cryostat. During the
measurements, the sample was surrounded
with helium wvapor. The absolute pressure
applied to the sample was determined at
room temperature from the shift of ruby
crystal luminescence line R; = 14405 cm~1
that shows a bathochromic shift by
0.753 cm 1 /kbar as the pressure increases
within 0—-300 kbar range [11].

Now let the connection be considered be-
tween the chemical structure of an amine
molecule and its luminescence properties in lig-
uid and frozen toluene solution (A, =313 nm,
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C = 107° M). In Fig. 2, presented are the FI
spectra (T = 295 K) of carbazole, DPA and
TPD. The carbazole solution spectrum is
seen to be of distinctly vibrational structure
(curve 1). In contrast, the spectra of DPA
solution (curve 2) as well as of TTA and
TPD (curve 3) ones consist of a broad struc-
tureless band. The maximum positions of
the initial F1 spectra (kmaxpl) as well as O
values for carbazole, DPA, TTA and TPD
are presented in the Table below. Note that
the F1 spectra of carbazole and DPA solu-
tions in toluene (T = 295 K) are identical in
shape to spectra of solutions in ethanol and
cyclohexane [12, 13].

The Iluminescence spectra of frozen
(T 5 K) toluene solutions of carbazole,
DPA, TTA and TPD are presented in Fig. 3.
The structural Ph is observed in all the fro-
zen solutions, while no vibrational structure
appears in the spectra of frozen DPA and
TTA solutions. The absence of said struc-
ture in the F1 spectra of liquid DPA, TTA
and TPD solutions as well as in those of
frozen DPA and TTA solutions appears to
be due to inhomogeneous expansion caused
by non-rigid molecular structures. This is
evidenced by the distinct vibrational struc-
ture in the Fl spectrum of carbazole solu-
tion (T =295 K) and the absence of that
structure in the DPA spectrum (Fig. 2), the
molecules of those compounds contain 8
each but have the rigid planar structure and
non-rigid non-planar one, respectively [10].
The Table characterizes the positions of
kmaxFl, maximum positions of the initial Ph
spectra (A, r"), the energy intervals be-
tween the Fl band maximum and the initial
band of Ph spectrum (E,,,. ' - E,,,,'"), the
ratios of Ph and Fl quantum yields
(Opp/Pp;) and 1p, values for carbazole,
DPA, TTA and TPD solutions in toluene
(T =5 K). It has been established that,
when passing from toluene solutions to PS
matrix, the ®g; (T = 295 K) for said mole-
cules remain constant to within 10 %,
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Fig. 3. Fluorescence and phosphorescence
spectra (A,, = 313 nm, T = 5 K) of carbazole
(1), DPA (2), TTA (3) and TPD (4) in toluene
(C =107° M).

5 K, the ®p; values for the molecules in PS
become 15 to 20 % higher.

It follows from the Table that in the
DPA-TTA-TPD sequence, that is, as the mo-
lecular mn-system size enlarges, the kmaxFl
and A, F" positions show a smooth batho-
chromic shift and the EmaxFl - Emaxph in-
terval diminishes, like to the situation ob-
served for linear polyacenes [10]. Moreover,
DPA and TTA molecules show a very low Fl
quantum yield. It has been shown [8] that
at low temperatures, it is just the intersys-
tem crossing that is the main mechanism of

non-radiative deactivation of the S; state of

while as the temperature is lowered down to complex aromatic molecules, including
Table. Luminescence parameters of carbazole, DPA, TTA and TPD in toluene
Molecule T =295 K T=5K
}‘maxpl’ nm (DFL }‘maxFl’ }‘maxph EmaxFl - Emaxph’ eV (DPh/cDFl Tpps 8
nm nm
Carbazole 340 0.38 335 395 0.56
DPA 350 0.08 345 398 0.48
TTA 370 0.05 370 417 0.38 0.8
TPD 395 0.27 400 520 0.72 0.1 1.3
Functional materials, 13, 1, 2006 127



Yu.A.Skrishevsky et al. | Effect of pressure on ...

038

06

0.4

02

0.0
10T

b)

08

06

04F

02F

0.0 4 1 1 1 ] M“w

350 400 450 500 550 A, nm

Fig. 4. Fluorescence and phosphorescence
spectra (L,, = 313 nm, T =5 K) of TTA
(C =107% M): a) in PE (1) and PVCI (2);

b) in PS (1) and 4BrPS (2).

DPA, the quantum yield of said process in
the latter compound being close to unity. It
is known [7, 9] that the S;-T; and T{—S,
transition probabilities in a molecule depend
on the spin-orbit interaction strength and
the energy difference of the states being
mixed. Unlike the carbazole molecule, the
2p; orbital of lone electron pair of the ni-
trogen heteroatom in DPA and TTA is ori-
ented (due to spatial structure of the mole-

cules) not parallel to 2p_ orbitals of phenyl
ring but at a certain angle thereto. There-
fore, the probability of S;-T; and T,-S,
intersystem transitions in such molecules
must be higher than in carbazole [10]. It is
seen from the Table that, when passing
from carbazole to DPA having a similar
value of EmaxFl —Emaxph interval, the ®g;
and tp, values decrease while the ®p,/dy
ratio increases. Thus, the changes in above-
mentioned characteristics associated with
passing from carbazole to DPA and TTA are
due mainly to increase of the spin-orbit in-
teraction caused by the molecular structure
non-planarity. When passing from DPA and
TTA to TPD, the ®p,/®p ratio decreases
while the @ and tp, values increase.
Therefore, it can be supposed that the
higher &z value for TPD is due mainly to
lowered probability of the S;—T; intersys-
tem crossing caused by increased energy
difference between S; and T levels.

Now let the luminescence spectra be con-
sidered for the aromatic amines in polymer
matrices. In Fig. 4, presented are the Fl and
Ph spectra (A,, = 313 nm, T = 5 K) of TTA
(C =105 M) in PE, PVCl, PS and 4BrPS
matrices and in Fig. 5, similar spectra for
TPD (C = 1075 M) in PS, PC, and 4BrPS. It
is seen that, when passing from frozen tolu-
ene solutions to those in polymer matrices,
the vibrational structure of TTA and TPD
molecular spectra becomes smeared, as well
as that the relative Ph intensity (that is,
the ®p;,/Pp)) increases. The changes in spec-
tra intensify in the above-mentioned se-
quences of polymers. For example, the
®p,/Pp; ratio becomes approximately dou-
bled when passing from PE to PVCl for
TTA or from PS to PC for TPD. The men-
tioned changes in TTA and TPD spectra are

I, a.u. I, a.u.
- a) b)
0.8
PS
0.8}
0.4
06}
0.0 i |
0.4} 0.8 4BIPS
-’—'\
0.2 AN 04
as 2 >~ L /0 N
Stedensas, -/ e o
0.0 e ;00 /\\’.\M\ !
350 400 450 500 550 600 A, nm 350 400 450 500 550 600 A, nm

Fig. 5. Fluorescence and phosphorescence spectra (A,, =313 nm, T =5 K) of TPD (C = 1075 M):
a) in PS (1), PC (2) and 4BrPS (3); b) in PS and 4BrPS under pressure P = 0 and 3 kbar.
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in correlation with increasing density (p) of
the polymer matrix (p ~ 0.92; 1.05; 1.2 and
1.4 g/cm? for PE, PS, PC and PVCI, respec-
tively). However, 1p, is not changed appre-
ciably when passing from the frozen toluene
solution to solutions in said polymers. At
the same time, when PS matrix is changed
to 4BrPS, ®p and tp, values become ap-
proximately halved for all the molecules
studied, while the ®p,/®p, ratio increases
twice or thrice (see, e.g., Figs. 5a and 5b).

In Fig. 5b, presented are the Fl and Ph
spectra (A,, =313 nm, T=35 K) of TPD
(C =1073 M) in PS and 4BrPS matrices
measured prior to and after application of
uniaxial pressure (3 kbar). The spectral po-
sitions of Fl and Ph bands is seen to be not
influences by the pressure while the Ph in-
tensity increases. These changes are more
pronounced when 4BrPS matrix is substi-
tuted for PS one. It has been established
also that the tp, of TPD remains unchanged
under the pressure. Similar results have
been obtained for TTA in PS, PC and 4BrPS
matrices. The changes in luminescence prop-
erties of the amines due to the PS matrix
substitution by 4BrPS are explained by the
strengthening of spin-orbit interaction in
the molecule caused by the external heavy
bromine atom [7, 9]. The ®p,/dp; increase
accompanied by decreased ®p; and shortened
Tpy, evidence a higher probability of S$;-T;
and T{—S, intersystem crossings due to
mixing of electron wave functions of the
amine molecule and the bromine atom. At
the same time, the changes in TTA and TPD
spectra due to increasing matrix density at-
tained by the replacement of the latter or
by the pressure application (when ®p,/®g
increases but 1p; remains unchanged) show
that only the S;-T; intersystem crossing
probability increases as the matrix p rises,
while the probabilities of both radiative and
non-radiative T,—S, intersystem crossing
probabilities are not changed appreciably.
The increase of the S;-T; intersystem
crossing probability may be due to to (1)
intensified mixing of electron wave func-
tions of the amine molecule and the polymer
matrix at shortened molecular interdis-
tances that is especially pronounced as PS is
replaced by 4BrPS (Fig. 5b) or (2) changes
in the molecular spatial structure evidenced
by smeared vibrational structure in lumi-
nescence spectra arising when toluene is re-
placed by a polymer matrix (Fig. 2 and 5b).
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Thus, it has been shown that the lowered
fluorescence quantum yield of DPA and
TTA as compared to TPD is associated with
the smaller energy difference between S;
and T, levels in the former molecules. At
the same time, the lowered fluorescence
quantum yield of DPA, TTA and TPD as
compared to carbazole is due mainly to the
non-planar structure thereof that resulta in
strengthened spin-orbit interaction. It has
been shown also that the probabilities of
§,—-T; and T{—S, intersystem crossings in
the studied amine molecules depend heavily
on the interaction with the environment and
increase under influence of the external
bromine atom. Moreover, the S;-T; in-
tersystem crossing probability in TTA and
YPD molecules increases as the polymer ma-
trix density increases (attained by its re-
placement or under the external pressure);
this may be due to intensified mixing of
electron wave functions of the amine mole-
cule and the polymer matrix at shortened
molecular interdistances as well as to
changes in the molecular spatial structure
of the amine.
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BniauB THCKY Ha iHTepKOMOiIHAIIMHI mMepexoau MOJIEKYJI
apoMATHYHHX aMiHiB

I0.A.Ckpuwescvruii, A.JO.Baxuin,
B.A.Ckpuweécvrui, I.B.I'aépunvienrko, O.B.Tpemaxk

HocaimskeHo cHeKTpu JIOMiHecIleHIili posuumHiB Kapbasoay, agudeHinaminy, Tpu-n-
roxinaminy i N,N'-qudenin-N,N’-6ic(3-meTrndenin)-(1,1'-gidbeunin)-4,4'-giamina y romyoui Ta
pisHoMaHiTHHX moJsimepHumx Marpuuax npu 5 ta 295 K. Bcranosieno, mo imosipHicTh
inTeprombinamiiinoi KoHBepcii 3 MEPIIOro CHHrIETHOTO 30YyIKEHOTO CTaHy S; y TPUILIeTHHI
cran T; samexurhb Big Ximiumoi mpupomm momnexymnm, ii mpocTopoBoi KoH@irypamii ra
B3aeMO/il 3 oTOUueHHSM i 30iapIIyeTbes i3 30i/IbIIEHHAM I'yCTUHU IIOJiMEPHOI MaTpHIli, Ipu
nil 30BHIIIHBOI'O OJHOBICHOI'O THCKY, a TAKOMK IIiJi BIIMBOM SOBHIIIIHBOI'O BasKKOI'0 aToMa
Opomy.
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