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Fluorescence of Pyrenyl and Carbazolyl Derivatives in Liquid Solution and Solid Film
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A systematic investigation of the effects of stereochemistry and solid-state morphology on emission
characteristics were performed using glass-forming pyrenyl and carbazolyl derivatives as neat films in PMMA
and cholesteric liquid crystalline glass. At high dilution in tetrahydrofuran, pyrenyl derivatives were prone
to form intramolecular excimers whereas carbazolyl derivatives showed no evidence for excimers. Both
pyrenyl and carbazolyl derivatives at o 102 M in isotropic and ordered solid hosts exhibited mostly
monomer emission. In neat films, intermolecular excimers prevailed in pyrenyl derivatives whereas carbazolyl
derivatives showed evidence for monomer emission as well. One feature that distinguishes carbazolyl
derivatives from polyl{-vinylcarbazole) is the observed fine structures in the fluorescence spectra of thin
films. Order parameters characterizing the helical alignment of pyrenyl and carbazolyl pendants with a
cholesteric host were determined with circularly polarized fluorescence spectroscopy. The results indicate
the relative ease of aligning pyrenyl groups, presumably because of the more favorable regiochemistry and

conformational flexibility.

I. Introduction carbazole lie along the short molecular ai&rom a practical

| perspective, blending pyrenyl and carbazolyl derivatives with
isotropic and liquid crystalline materials provides an effective

means to tailoring film morphology (i.e., order vs disorder) and

tuning absorption and emission properties while maintaining

glass- and film-forming abilities.

Organic materials have been extensively explored for optical
and electronic applications in view of the inherent versatility
through molecular design and synthesis. There are two distinct
approaches to materials that are capable of vitrification into thin
films, polymeric and low-molar mass in molecular structure.
Empirically, low-molar-mass materials are desirable from a
processing standpoint because of the relatively low melt
viscosity and the potential for vapor deposition into thin films. Materials. Figure 1 summarizes the chemical structures of
Although numerous low-molar-mass organic glasses have beerall the materials used in this study. The synthesis and
reported.—> it remains a challenging task to design functional characterization of the glass-forming materiats/ have been
materials capable of forming morphologically stable, glassy reported previousl§. The hosts used were poly(methyl meth-
films with no residual crystallinity that tends to cause optical acrylate) M, = 75 000, Polysciences) andl , a cholesteric
loss and hinder charge transport at grain boundaries. The termliquid crystalline siloxane with an average molecular weight of
“morphological stability” describes the resistance of a glass or 1900 g/mol as received from Consortiuiit fiektrochemische
melt to thermally activated recrystallization. As part of our Industrie GMBH in Germany. Compound was synthesized
systematic approach to the design of glass-forming organic using 3-(N-carbazolyl)propanol and 1,3,5,7-tetrakis(chlorocar-
materials, we have reported amorphous systems consisting otbonyl)cubane following the procedures described previdusly.
cyclohexane, bicyclo[2.2.2.]oct-7-ene, and adamantane to whichNMR (QE-300, GE; CDG) spectral data:o 8.18-7.20 (m,
pyrenyl and carbazolyl groups are chemically bon@lefluo- 32H, aromatic), 4.80 (s, 4H, cubahg, 4.40 (t, 8H, CHCH2N),
rescence spectra in dilute solution were collected to probe the4.18 (t, 8H, COOEI,CH,CH,), 2.27 (p, 8H, COOCK-CH»-
interaction between pendant groups as affected by stereochemCH). Anal. Calcd for G2HeoN4Os: C, 77.96; H, 5.45; N, 5.05.
istry. Found: C, 77.58; H, 5.46; N, 4.95.

The present study was motivated to illuminate how pendant  Thermotropic Properties. Thermal transitions were char-
groups orient themselves in vitrified isotropic and helically acterized by a differential scanning calorimeter (DSC, Perkin-
aligned films via a systematic investigation of fluorescence in Elmer DSC-7) with a continuous nitrogen purge at 20 mL/min.
solid films. Furthermore, the relative ease of helically aligning All the samples were preheated to 28D followed by cooling
pyrenyl and carbazolyl groups attached to various central coresat —20 °C/min to —20 °C. The reported phase-transition
was quantified in terms of the orientation order parameer, temperatures were identified from the second heating scans at
based on circularly polarized fluorescence (CPF). The analysis20 °C/min. Cholesteric mesomorphism was identified as oily
of CPF spectra was performed on the basis that the absorptiorstreaks with a polarizing optical microscope (Leitz Orthoplan-
and emission transition moments of monomeric pyrene lie Pol) equipped with a hot stage (FP82, Mettler) and a central
parallel to the long molecular aXisnd those of monomeric ~ processor (FP80, Mettler).

Film Preparation and Characterization. Doping of PMMA
*To whom all correspondence should be addressed. and VIl with 1-pyrenemethanol, PM, ant—IV was ac-

10.1021/jp983020k CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/27/1998

II. Experimental Section
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Figure 1. Molecular structures of pyrenyl and carbazolyl derivatives as guests and a cholesteric cyclosiloxane as the host used in this study.

complished by dissolving the pure components in methylene cholesteric devices were heated to 95% of the clearing temper-
chloride followed by drying in vacuo. Films of compounds ature, T, sheared to induce alignment, annealed for 3 h, and

I—=1l in pure form andVIl lightly doped with|—IV were

subsequently cooled at a rate of 30/h to room temperature.

prepared between two fused silica substrates (Escoproducts, Because of the high melt viscosity of PMMA, lightly doped

in. diameterx Ygin. thick, withn = 1.458), which were coated

PMMA was prepared by dip coating from methylene chloride

with Nylon 66 as an alignment layer. The film thickness was solutions, producing single-substrate films. Neat films of

controlled at 4 and 18&m using glass fiber spacers. The

carbazole-containing compounds were prepared via spin coating
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TABLE 1: Thermal and Optical Properties of Compounds I—VI as Neat Films and Doped into VIl and PMMA

¢
transition thickness of RHCP LHCP
compound host conc (M) temp (C) film (um) excitation excitation

PM N/A N/A K126 1 N/A

PMMA 0.0022 G 1131 20

VIl b 0.0022 G48Ch 1701 18 —-0.12 —0.08
| neat film 35 G86 I 4

PMMA 0.035 G1121 27

VIl b 0.035 G 47 Ch 1671 18 -0.14 -0.11
1 neat film 35 G 1321 4

PMMA 0.035 G1121 23

Vi 0.035 G 46 Ch 1631 18 -0.13 —0.08
1 neat film 3.4 G 1191 4

PMMA 0.034 G1121 21

VIl b 0.034 G47Ch 1641 18 —-0.14 -0.11
\% neat film 3.6 G491 0.013

PMMA 0.1 G 1061 1.20

VIl ¢ 0.036 G45Ch 1601 18 0.04 0.04
\% neat film 3.6 G721 0.015
VI neat film 3.6 G671 0.040

a Concentration expressed in mol/L of pyrenyl or carbazolyl groups with a solid density approximated as 2 Exuitation at 350 nmge
evaluated at 399 nm fde-1Il and at 391 nm for PM¢ Excitation at 345 nmg. evaluated at 368 nnd.Thermal transition temperatures determined
from the second heating scans of samples preheated téQ@fllowed by cooling at-20 °C/min to —20 °C; cholesteric mesophase identified as
oily streaks under polarizing optical microscope.

from dilute solutions in methylene chloride onto single sub- the absorption spectrum of PM in THF at POM. The
strates. The film thickness was limited to-180 nm, so that fluorescence spectra of pyrenyl derivatives are compiled in
absorption and emission could be accurately measured. Figure 2 to display the effect of the molecular structure of the
Absorption and Selective Reflection Spectra.A spectro- guest and the microenvironment provided by the host on
photometer (Perkin-Elmer Lambda 9) was used to collect the emission characteristics. In THF at FOM, PM shows
UV —Vis—NIR absorption spectra of isotropic and cholesteric monomer emission peaks at 380 and 400inandll show
films. The same instrument was used to obtain the selective predominantly excimer emission as a broad peak centered at
reflection spectrum of a cholesteric film, and the selective 480 nm®while Il shows a balance between the monomer and
reflection wavelength,Ar, was determined as the center excimer emission. The excimer formation observed &nd
wavelength of the selective reflection band, which also furnished Il at high dilution suggests itstramolecularorigin. On the
the average index of refraction, and optical birefringence,  other hand, it appears that adamantane as the central core for
An, of quasinematic layers comprising a cholesteric film. In [l suppresses excimer formation, presumably because of the
addition, the interference fringes of the air gap sandwiched stereochemical constraintimposed on the pyrenyl pendants. With
between the two substrates were measured on the spectrophosolid film densities approximated as 1 g/mL, the doping levels

tometer to calculate the film thickness. The thickness of a of PM, I, Il, andlll in PMMA and VIl and the concentration
single-substrate film was measured on a white light interfer- of | -1l as neat films were calculated in terms of molarity in
ometer (Zygo New View 100). pyrenyl groups, M. The doping level of PM in PMMA and

Fluorescence and Excitation Spectra and Decay Dynamics. VIl was limited to an order of magnitude less than that felll
Steady-state fluorescence, including CPF, measurements wergecause of the phase separation problem identified under a
made on a spectrofluorimeter (Perkin-Elmer MPF-66) using the polarizing optical microscope. The emission spectra in isotropic
optical setup for polarization control and analysis described pPMMA andVIl at 103to 102 M reveal the absence of excimer
previously? For pyrene derivatives, the excitation wavelength formation. Thus, excimer formation is prevented in solid films
for fluorescence measurements was 350 nm for all films. For pecause of the lack of mobility on the part of pyrenyl pendants.
carbazole derivatives, the excitation wavelength was 300 nm However, fluorescence from neat films produced nothing but
for neat and PMMA films and 345 nm for doped cholesteric excimer emission, as shown for bdttandlll . The fact that
films to avoid absorption by the host. Excitation spectra were axcimers are absent in PMMA andl films and that they are
measured on a Spex Fluorolog 2 spectrofluorimeter. Fluores- predominant in neat films indicates tietermolecularorigin
cence decays were recorded via time-correlated single-photongf excimer formation in neat films in which pyrenyl groups

counting (SPC) as described previoudly. apparently are well packed without causing crystallization.
. . CompoundVIl is capable of forming a glassy cholesteric
lll. Results and Discussion film with Ty = 47°C, To = 169°C, andig = 1198 nm. With
Thermal and optical properties of 1-pyrenemethanol (PM) naturally occurring {)-cholesterol as the chiral building block,
and compounds—Ill as neat films and lightly doped into aleft-handed (LH) helical structure emerged from a well-aligned

PMMA and VIl are summarized in Table 1. As a general filmof VII .11 Thus, this cholesteric host is capable of twisting
observation, pyrenyl groups can be chemically integrated into a rodlike guest into a LH helical arrangement at the molecular
glass-forming materials via functionalization of alicyclic cores level, giving rise to CPF. As illustrated in Figure 3aat a
with an elevatedT, characteristic of the hybrid structure. doping level of 0.035 M ifVIl presents a selective reflection
Emission from aggregated pyrenyl groups in the ground state, peak centered at 1190 nm, indicating a negligible disruption to
both in THF and in solid films, was ruled out by the overlap of the helical structure of the host. The observed optical density
the excitation spectra monitored at the emission maxima with of 0.28 is close to the theoretical limit of 0.30 expected of a
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Figure 2. Fluorescence spectra with excitation at 350 nm of pyrenyl derivatives in THF and PMMA and as neat films.

perfectly aligned, single-handed cholesteric film. With both left- ratio of the pyrene molecule and the disparity in molecular
and right-handed circularly polarized (LH- and RH-CP) excita- structure between PM, Il, andlll , the resultantS values
tions at 350 nm, the CPF spectra are presented in Figure 3b;characterizing the orientation order of pyrenyl groups are
note the absence of emission from excimers. The degree ofreasonably close to each other.

CPF was calculated for the emission peak of pyrenyl pendants With excitation at 294 nm, compoundd/—VI, 3-(N-

at 399 nm in terms ofe = 2(I. — Ir)/(IL + IRr), in which I carbazolyl)propanol, and-ethyl carbazole in methylene chlo-
andlr are LH and RH circularly polarized emission intensity, ride at 108 to 104 M showed structured fluorescence spectra
respectively. As a validation of the experimental technigde,  with peaks at 353 and 368 nm that were attributed to monomer
=0.006 & 0.005 was found for the lightly doped, isotropic emissiorf A single-exponential function was found to represent
PMMA films. The calculated)e values, with an uncertainty of ~ the SPC data collected at 350, 368, and 440 nm, resulting in a
+5% in general, for all helically aligned films are presented in fluorescence lifetime of 6.3- 0.3 ns (1.02< %2 < 1.50) for all
Table 1. Note that all three pyrenyl derivativesMii showed these compounds in methylene chloride atd. A 1.20um

an emission peak at 399 nm except PM, which was found to thick film of IV in PMMA at 0.1 M was also characterized by
undergo a blue shift to 391 nm (see also Figure 2). The negativemonomer emission, as evidenced by its normalized fluorescence
Oe in a LH host resulted from an emission transition moment spectrum overlapping with that d-ethyl carbazole in meth-
lying parallel to the long molecular axis of pyreheAccording ylene chloride at 18® M. To assess the extent to which
to a recent theor}? g is a function of the average absorption carbazolyl groups can be aligned in a structured filvh,was
coefficient (i.e., absorbance per unit film thickness)at the doped intoVIl at 0.036 M (on the basis of carbazolyl group).
excitation wavelength, average index of refractigrand optical With RH- and LH-CP excitations at 345 nm, the CPF spectra
birefringence, An, both at the emission wavelength. The bore a close resemblance to monomer emission. The decay
parameteA was readily determined using doped PMMA films  dynamics (probed at 368, 393, and 430 nm) was well represented
with UV —Vis spectrophotometry. A cholesteric film with a by a single-exponential function with a lifetime of 6£70.4 ns

Ar = 450 nm, i.e., withx = 0.14 in the general structukdl , (x® = 1.32, 1.13, 1.29). On the basis of the measured CPF
was prepared to afford a selective reflection spectrum. This intensities at 368 nnge =0.04 was determined. The positive
experimental result was fitted to Good and Karali's thédty 0e Value in a LH host indicates that the emission transition

arrive atn = 1.56 andAn = 0.11. As a simplification for data ~ moment lies along the short molecular axis of carbazole,
analysis, it was assumed that anisotropic absorption and emissiortonsistent with previous observatichslhe best fit to the CPF
are characterized by a singke The experimentally measured theory using input information listed in Table 2 ledSe= 0.12,

0e Values were employed for data analysis using the CPF theory,indicating a relatively poor orientation order assumed by
as accomplished previouslyAll the input information and the ~ carbazolyl groups ilV. Compared taS = 0.46 for I/VII ,
resultantSare summarized in Table 2. Despite the low aspect carbazolyl groups are more difficult to align in a structured film



Pyrenyl and Carbazolyl Derivatives J. Phys. Chem. A, Vol. 102, No. 46, 199®17

0.3 T T T T T T T T T
(a) Selective reflection spectrum

Optical Density
)
N

o

Fluorescence Intensity, a.u.

0.0
400 600 800 1000 1200 1400 1600

Wavelength, nm

Wavelength, nm

Figure 4. Fluorescence spectra with excitation at 300 nm of carbazolyl
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absorption spectra, indicating that monomeric carbazole was the
i LHCP Excitation at 350 nm_ only excitable species. As shown in Figure 4, fluorescence
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~ — LHCP Emission spectra of these neat films are better structured than the single
broad peak reported for a solid pdN4vinylcarbazole), PVK,
film.2®> Although the peak at 355 nm is attributable to
fluorescence of monomeric carbazole, all other peaks at longer
wavelengths are contributed by other excited-state species
including excimerd® Three exponential functions were needed
to represent the decay dynamics probed by SPC across the
spectral range from 350 to 450 nm. For example, three time
0 pon = a0 50 constants were found fé¥: 0.3-0.7, 1-2, and 4-7 ns (1.00

< »? < 1.40), which differ from previously reported values for
various carbazole-containing compounds in solid flor dilute
Figure 3. An 18 um thick solid film of | in VIl at 0.035 M: (a) liquid solution}” However, one study of PVK in dilute
Selective _reﬂecti_on_ spectrum; (b) Circularly polarized fluorescence methylene chloride solution did report three lifetimes, 0.11, 1.7,
spectra with excitation at 350 nm. and 15.5 ng8 which are largely consistent with the present

Fluorescence Intensity, a.u.

Wavelength, nm

TABLE 2: Input Data and Resultant Orientational Order observation. It appears that the lifetimes resulting from fitting
Parameters for PM and I—1V Doped in VII, a the SPC data to a multitude of exponential functions cannot be
Chiral-Nematic Host readily identified with excited-state species.
compound Ar (NMY A (cmi)b S

PM 1197 12 0.37 IV. Summary

| 1190 112 0.51 . - .

I 1203 143 0.41 Isotropic solid films were prepared with fluorescent glass-

Ml 1182 132 0.52 forming pyrenyl and carbazolyl derivatives witg ranging from

v 1195 1345 0.12 4910 132°C. To investigate the role played by morphology in

aThe center of the selective reflection spectra were identifietkas emission characteristics, these .fluoresc.ent compounds were

b Isotropic PMMA films were used to measufeat 350 nm for PM mixed with PMMA and cholesteric cyclosiloxane glass for the
andI—lll and at 345 nm fotV . ¢ Parameter estimation via the best preparation of isotropic and helically oriented films. With PM
fit for the experimentally measuregk to a CPF theor? with An = serving as the basis for identifying the sources of emisdion,

0.11 andn = 1.56, which were estimated with the selective reflection and|| at 10 to 105 M in tetrahydrofuran were found to be
spectrum of a cholesteric film having, = 450 nm. predominated byntramolecularexcimers withlll showing a
o ) » much reduced tendency. On the other hand, PMMA ¥Hhd
than pyrenyl groups ynder otherywse identical condlthns. The 55 solid hosts containing pyreny! derivatives at3® 102 M
observed difference in ease of alignment may have arisen fromgypinited predominantly monomer emissiomtermolecular
the more favorable regiochemistry and conformational flexibility aycimers were found to prevail in neat films bflll . The
of I in comparison tolV, consistent with the steady-state pejical orientation of pyrenyl groups in PM ahelll enforced
fluorescence spectra gathered for both in methylene chloride atby VIl permitted the degree of alignment to be quantified by

high dilution® CPF spectroscopy witl$ values ranging from 0.37 to 0.52,
To elucidate the role played by stereochemistry in fluores- suggesting a minor influence by the central core on the ease of
cence from neat solid films, compountéd —VI were spin- aligning pyrenyl pendants. In contrast to pyrenyl groups,

coated from solution onto fused silica substrates, forming carbazolyl pendants t&/ —VI in methylene chloride at 16
isotropic films with a thickness on the order of tens of to 10* M showed no evidence of excimer formation, as was
nanometers. The absorption spectra of these three films arethe case with solid films of PMMA an¥Il containinglV at
identical with those ofN-isopropyl carbazole at 18 M, thus 0.1 and 0.036 M, respectively. It appears that carbazolyl groups
ruling out the possibility of ground-state association. Further- are less prone to excimer formation than pyrenyl groups with
more, the excitation spectra of these films mesh well with the the same stereochemistry imposed by the central core. The
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fluorescence spectra of neat solid filmsl'éf—VI revealed fine (4) Zhang, Y.; Wada, T.; Wang, L.; Sasabe,Ghem. Mater1997, 9,
structures in the 350500 nm spectral range, unlike the 279‘(35;) Alig, 1+ Braun, D.: Langendorf, R Wirth, H. 0. Voigt, M.
structureless spectrum of the PVK film. In comparison to Wendorff, J. H.J. Mater. Chem1998 8, 847. o S

pyren_yl groups i, C_arbaZO|y| groups itV are.less i_imenable (6) Mastrangelo, J. C.; Conger, B. M.; Chen, SGtem. Mater1997,
to helical alignment i1l as reflected by an orientational order 9, 227.
parameter of 0.12 in comparison to 0.51. (7) (a) Sackmann, E.; Rehm, @hem. Phys. Lettl97Q 4, 537. (b)

Sackmann, E.; Voss, &hem. Phys. Lettl972 14, 528.
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