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carriers do not move with uniform velocity, and they reside

ABSTRACT: We report on the formation of single mostly at localized (trap) sites because of the disordered
poly(N-vinylcarbazole) (PVCz) chains in one-dimensional amorphous form. This trapping process is responsible for the
channels of [La(1,3,5-benzenetrisbenzoate)],, where the low hole mobility in bulk PVCz (1077 cm? V=1 s7).>'* This is
side carbazolyl groups of the confined PVCz are effectively supported by the fact that the disorder formalism has been
7-stacked. This ideal conformation of PVCz chains in the successfully applied to the analysis of charge-carrier transport in
coordination nanochannels contributed to a drastic the bulk materials observed in time-of-flight measurements with
increase in hole mobility, which was S orders of magnitude long-range translational motion, givin% almost perfect inter-
higher than that in the bulk state. It is also noteworthy that pretations of the transport mechanism."®"'® In this regard, it has
PVC.Z. isolated from the nanchannels still had a high hole been predicted that alignment of the carbazole groups with a
mobility. face-to-face conformation would considerably improve the hole
mobility in PVCz, which would lead to a drastic conceptual
shift of PVCz from the conventional disordered system to an
C onductive polymers with charge-transporting properties ideal ordered one.'®'?® However, to date, this idea has not
play important roles in electronics technology and been realized because of the difficulty of controlling the
advanced functional materials." In these materials, it is widely arrangement of the PVCz chains.
recognized that the conformations of the polymer chains, and Our strategy for increasing the hole mobility in PVCz
related properties such as the persistence length, molecular involves incarceration of the polymer chains into regular
order, and packing structure, have considerable effects on the microporous channels. In fact, polymer inclusion in regular
conducting properties. In general, organic polymeric con- microporous hosts, such as crystalline organic hosts, has
ductors do not show relatively high conductivities because their attracted much attention because this approach can provide

low structural regularity and random chain entanglement result extended chains in restricted spaces.u_26 However, the narrow
in disruption of the continuous conducting pathway. Thus, (4—6 A) and fragile channel structure of these hosts formed by
spatial control of polymer chains to enhance the conforma- hydrogen bonding or weak van der Waals interactions cannot
tioqallorder an‘d molecular PaCkiflg is a great CA}{allezrl%e for allow the incorporation of polymer chains with bulky side
achieving organic polymers with hlgher. conductivities. chains. Recently, porous coordination polymers (PCPs)

As a typical class of hole-transporting polymers, POIY(N' composed of metal ions and bridging organic ligands have
vinylcarbazole) (PVCz) and related side-chain polymers with been extensively developed because of their diverse structures
pendant carbazolyl groups have attracted much attention with pore sizes and shapes that are controllable at the molecular

because of their photoconductive properties and their ability level.”’ 3 Taking advantage of the pore characteristics of PCPs
to form stable radical cations (holes).”™'> PVCz s the first and can provide key opportunities for controlling the conformation
most widely studied organic polymeric photoconductor. PVCz and alignment of confined polymers.**>” For our purpose,
and its related polymers find their applications in electro- utilization of one-dimensional PCP channels whose pore size
photography, light-emitting diodes, photorefractive materials, approximates the thickness of PVCz chains would enhance the
and photovoltaic devices.”*™'® In the process of photo- m—n stacking of the carbazole moieties. Here we employed as a
conductivity of PVCz, charge carriers are generated at the PCP matrix [La(1,3,5-benzenetrisbenzoate)], (1), in which the
side chain under photoirradiation, and this is followed by size of the one-dimensional channels is 10.7 A.*® Polymer-
hopping of the holes to neighboring carbazole moieties. This ization of vinyl carbazole (VCz) adsorbed in the channels of 1
hole transport is largely attributed to the z—r stacking provided a PCP—PVCz namocomposite.%35 On the basis of the
arrangement of the carbazolyl groups. However, in conven- molecular dimensions of VCz (8.7 A X 7.5 A), the
tional bulk PVCz, a partial z-stacked conformation with

isolated monomeric sequences has been proposed because of Received: February 26, 2012

the low stereoregularity of the side chains.'”'"'” Thus, the Published: May 10, 2012
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nanochannels can accommodate only single chains of PVCz
with a linear conformation, which enhances the 7—7 stacking of
the carbazoles. Thanks to this unusual conformation, the hole
mobility of PVCz in 1 increased by ca. 10° times compared with
that of bulk PVCz. Moreover, the chain orientation of PVCz
was not severely disturbed during the process of isolating the
chains from the PCP matrix, and the recovered PVCz still
showed a much higher hole mobility than bulk PVCz.

To accommodate PVCz in microporous channels, radical
polymerization of VCz was performed in the framework of 1 at
70 °C for 48 h.***> The obtained product was washed with
acetone and methanol to remove unreacted monomer,
affording the PCP—PVCz composite (1DPVCz). The con-
version from VCz to PVCz was calculated to be ca. 80%, and
the loading amount of PVCz accommodated in 1 was 0.44
(weight of PVCz/weight of 1), which was consistent with the
results of thermogravimetric analysis (TGA). In the IR
spectrum of 1DPVCz, the peak for the C=C stretch of VCz
at 1638 cm ™" was almost undetectable. Powder X-ray diffraction
(PXRD) measurements of 1OPVCz indicated that the channel
structure of 1 was maintained during the polymerization
(Figure 1a). Scanning electron microscopy (SEM) showed that
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Figure 1. (a) PXRD patterns of 1, 1DPVCz, and PVCz isolated from
1. (b—d) SEM images of (b) 1, (c) 1DPVCz, and (d) PVCz isolated
from 1. Scale bars correspond to 10 um.

the morphology (size, shape, and surface) of the rod-shaped
particles of 1 remained unchanged during the polymerization
(Figure 1b, c). This suggested that the polymerization of VCz
proceeded inside the channels of 1. Furthermore, a dramatic
decrease in the nitrogen adsorption capacity of 1DPVCz at 77
K compared with that of 1 alone is consistent with the
encapsulation of PVCz chains in the channels. The
configuration of the PVCz chains confined in the channels of
1 was studied using molecular dynamics (MD) method (Figure
2). In this MD simulation, the conformational structure of the
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Figure 2. MD structures of a PVCz 15-mer (a) in the bulk state and
(b) accommodated in a channel of 1. The stereoregularity of the
model oligomer was similar to that of the real PVCz.

confined PVCz was very different from that of bulk PVCz and
represented a single-chain conformation with a linearly
extended structure. It seems that the carbazole groups in the
side chain were stacked to have intimate interactions in the
narrow channels.

Fluorescence measurements are useful for determining the
stacking structure of the carbazole side groups in PVCz, in
which fully and partially overlapped structures of neighboring
carbazolyl chromophores give singlet excimers with fluores-
cence maxima at 420 and 370 nm, respectively. 3949 As shown in
Figure 3a, no emission was observed from the host PCP 1
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Figure 3. (a) Fluorescence spectra (excitation at 300 nm) of 1
(dashed), PVCz in a 5.4 X 10~ M THEF solution (black), bulk PVCz
(blue), and 1DPVCz (red). (b) Excitation spectra (fluorescence at 410
nm) of PVCz in THF solution (black), bulk PVCz (blue), and
1DPVCz (red).

alone. The fluorescence spectrum of PVCz in a dilute
tetrahydrofuran (THF) solution showed a main peak for
excimer emission of the partially overlapped carbazole groups at
ca. 370 nm, because of the syndiotactic-rich structure of
PVCz.'7?%*° In contrast, bulk PVCz gave a fluorescence
spectrum with a strong peak for the full-overlap excimer at 420
nm together with a weak shoulder at 370 nm (Figure 3a).>>*
This increment of full-overlap excimer results from molecular
packing in the solid bulk state. We then checked the spectrum
of 1DPVCz and found that fluorescence from the full-overlap
excimer became major and the shoulder peak ca. 370 nm could
not be appreciably detected, suggesting the formation of 7-
stacked carbazoles with a enhanced fully overlapped con-
formation (Figure 3a). Also, the emission peak of 1OPVCz was
slightly red-shifted relative to that of bulk PVCz, probably
because close packing of the carbazole groups enhanced the
electronlc interactions, reducing the delocalized excited energy
level:* Interestingly, the excitation spectrum of 1DPVCz was
dissimilar to the broad spectrum obtained from bulk entangled
PVCz but analogous to that of PVCz in dilute solution (Figure
3b). This result reveals that there were no interchain
interactions among PVCz chains in the channels of 1 during
the excitation process. 4142 Thyus, on the basis of these
fluorescence and excitation spectra measurements, it is likely
that the intrachain fully overlapped structure of carbazole
groups is dominant in 1DPVCz.

The overall characterizations of 1DPVCz indicate the
accommodation of single PVCz chains in the channels with a
conformation having mostly a face-to-face orientation of the
carbazolyl groups, which should lead to an improvement of the
hole mobility in PVCz. To verify this hypothesis, we studied the
transient photoconductivity (¢ ) of 1DPVCz using flash-
photolysis time-resolved microwave conductivity (FP-TRMC)
measurements, in which ¢ and Y are the charge-carrier
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generation yield and the sum of the charge-carrier mobilities,
respectively. >~ As shown in Figure 4, bulk PVCz did not give
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Figure 4. Transient conductivities observed for 1 (gray), bulk PVCz
(blue), 1DPVCz (red), and PVCz isolated from 1 (inset). The
transients were recorded under 355 nm laser pulse excitation at 4.6 X

10'* photons cm™.

any transient photoconductivity signals. This is the case because
the disorder of the molecular alignment in the bulk amorphous
state gives structural defects that act as trapping sites for
positive charge carriers.'”'" As a result, conventional time-of-
flight measurements showed that the hole mobility () for bulk
PVCz is low (1077 cm? V™! s_l).9’10 In contrast, 1DPVCz
displayed a clear conductivity signal, where the maximum
transient conductivity rapidly reached values as high as 1 X 107*
cm® V7' 57! (Figure 4). No dependence of the transient
conductivity on the excitation density of laser pulses was seen
in this system. In addition, the transient conductivity profile for
the host 1 alone did not show such a rapid increase (Figure 4).
Introduction of N-methylcarbazole into the channels of 1 did
not affect the conductivity, indicating no electronic interaction
between the host framework and the guest carbazole molecules.
Bulk mixing of 1 with PVCz did not improve the transient
conductivity. Thus, the high conductivity observed in 1DPVCz
resulted from the single PVCz chains accommodated in 1. The
value of y in 1DPVCz was calculated to be 2 X 107> cm? V™
s™' on the basis of the values of ¢y and ¢ derived from
TRMC and transient absorption measurements, respectively.
This hole mobility is extremely high, exceeding that found in
conventional bulk PVCz by 5 orders of magnitude. This is
ascribable to the enhanced z-stacking in the carbazole
arrangement of the confined PVCz.'®~'>*° Despite the -
stacked nature, the hole-transporting ability of PVCz in 1 is as
high as that of high-performance z-conjugated polymers, such
as poly(phenylenevinylene)s (107 to 10~ ecm* V™' s7') and
regioregular polythiophenes (107 to 5 X 107" cm® V™' s7!), as
determined by TRMC measurements.”>™* It has been
predicted that an ultimate PVCz without any trapping sites
and structural disorder would show a hole mobility of 3 X 107"
cm? V71 s71M20 Thys, the arrangement of PVCz in the
channels of 1 should be close to the ideal conformation of
PVCz for attaining high conductivity.

PVCz accommodated in 1 could not be recovered by solvent
extraction because of the strong confinement in 1.* Thus,
isolation of PVCz from 1DPVCz was performed by dissolving
the host framework in aqueous sodium ethylenediaminete-
traacetate (Na EDTA) solution, which gave PVCz as a white
precipitate. Characterization of the resulting powder by PXRD
(Figure 1a), TGA, gel-permeation chromatography, and NMR
measurements showed the typical characteristics of syndiotac-
tic-rich PVCz without any impurities (M, = 21 000, M, /M, =
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1.9; polystyrene standards). In SEM measurements, it is of
considerable interest that the morphology of the recovered
PVCz objects retained the microrod shape of the original host
and composite particles, showing that the orientation of
polymer chains was macroscopically maintained (Figure 1d).
An electron diffraction pattern of the host microrod crystals
revealed that the direction of crystal growth is parallel to the ¢
axis. Since the channels of 1 penetrate along the ¢ axis, the
polymer chains are aligned along the long axis of the PVCz
microrods. We measured the TRMC for the isolated PVCz and
found that the hole mobility was 1 X 107> ecm®* V™' s~ (Figure
4). Although the chemical composition and structure of the
isolated PVCz were exactly same as those of pure PVCz, this
value is much higher than that obtained from PVCz in the bulk
state, probably because the orientation of the PVCz chains was
not severely disturbed during the isolation process. Notably,
this PVCz sample did not exhibit a TRMC signal after
dissolution in toluene and subsequent reprecipitation, indicat-
ing the importance of the chain arrangement in PVCz as a hole-
transporting material.

In conclusion, we have demonstrated a simple methodology
for the preparation of well-organized PVCz with extremely high
hole mobilities by using a microporous PCP as a host. These
results illustrate that spatial control of the polymer chain
arrangement is a key strategy for attaining higher conductivities
of organic polymers. In this regard, numerous other types of
functional polymers with electronic or optical properties, such
as m-conjugated polymers, can be introduced into the pores of
PCPs in efforts to improve their properties. We believe that our
system will thus contribute to the preparation of a variety of
advanced nanocomposite materials based on PCPs and
functional polymers.
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Detailed experimental procedures, TRMC measurements,
crystal structure, TGA curves, adsorption isotherms, IR and
NMR spectra, and TEM images. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
uemura@sbchem kyoto-u.ac.jp; kitagawa@icems kyoto-u.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by Inamori Foundation Research
Grants and by Grants-in-Aid for Young Scientists (A) and for
Scientific Research on Innovative Area “Emergence in
Chemistry” from MEXT.

B REFERENCES

(1) Skotheim, T. A.; Reynolds, J. Handbook of Conducting Polymers,
3rd ed.; CRC Press: Boca Raton, FL, 2007.

(2) Sirringhaus, H; Brown, P. J,; Friend, R. H.; Nielsen, M. M,
Bechgaard, K; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R.
A. J; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Nature 1999, 401,
685—688.

(3) Prasanthkumar, S.; Gopal, A.; Ajayaghosh, A. J. Am. Chem. Soc.
2010, 132, 13206—13207.

(4) Nakano, T.; Yade, T. J. Am. Chem. Soc. 2003, 125, 15474—15484.

dx.doi.org/10.1021/ja301903x | J. Am. Chem. Soc. 2012, 134, 8360—8363


http://pubs.acs.org
mailto:uemura@sbchem.kyoto-u.ac.jp
mailto:kitagawa@icems.kyoto-u.ac.jp

Journal of the American Chemical Society

Communication

(5) McCulloch, I; Heeney, M.; Bailey, C.; Genevicius, K.;
MacDonald, I; Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner, R;;
Zhang, W.; Chabinyc, L. M.; Kline, R. J.; Mcgehee, M. D.; Toney, M.
E. Nat. Mater. 2006, S, 328—333.

(6) Penwell, R. C.; Ganguly, B. N.; Smith, T. W. J. Polym. Sci,, Part D:
Macromol. Rev. 1978, 13, 63—160.

(7) Grazulevicius, J. V.; Strohriegl, P.; Pielichowski, J.; Pielichowski,
K. Prog. Polym. Sci. 2003, 28, 1297—1335.

(8) Peason, G.; Stolka, M. Poly(N-vinylcarbazole); Gordon and
Breach Science: New York, 1981.

(9) Gill, W. D. J. Appl. Phys. 1972, 43, 5033—5040.

(10) Fujino, M.; Mikawa, H.; Yokoyama, M. J. Non-Cryst. Solids.
1984, 64, 163—172.

(11) Uryy, T.; Ohkawa, H.; Oshima, R. Macromolecules 1987, 20,
712-716.

(12) Xie, L.-H; Ling, Q.-D.; Hou, X.-Y.; Huang, W. J. Am. Chem. Soc.
2008, 130, 2120—2121.

(13) Navneet.; Pillai, P. K. C. J. Mater. Sci. 1983, 18, 1577—1581.

(14) Zhou, Y.; Sun, Q.; Tan, Z.; Zhong, H.; Yang, C.; Li, Y. J. Phys.
Chem. C. 2007, 111, 6862—6867.

(15) Ling, Q;; Song, Y; Ding, S. J.; Zhu, C.; Chan, D. S. H.; Kwong,
D. L; Kang, E. T,; Neoh, K. G. Adv. Mater. 2005, 17, 455—459.

(16) Lim, S. L.; Ling, Q;; Teo, E. Y. H; Zhy, C. X; Chan, D. S. H,;
Kang, E. T.,; Neoh, K. G. Chem. Mater. 2007, 19, 5148—5157.

(17) Terrell, D. R; Evers, F. Makromol. Chem. 1982, 183, 863—874.

(18) Bissler, H. Phys. Status Solidi B 1993, 175, 15—56.

(19) Dieckmann, A.; Bissler, H.; Borsenberger, P. M. J. Chem. Phys.
1993, 99, 8136—8141.

(20) Lange, J.; Bissler, H. Phys. Status Solidi B 1982, 114, S561—569.

(21) Farina, M,; Di Silvestro, G.; Sozzani, P. In Comprehensive
Supramolecular Chemistry; Pergamon: Oxford, UK., 1996; Vol. 10, pp
371-398.

(22) Sozzani, P; Comotti, A,; Bracco, S.; Simonutti, R. Chem.
Commun. 2004, 768—769.

(23) Harada, A,; Hashidzume, A.,; Takashima, Y. Adv. Polym. Sci.
2006, 210, 1-43.

(24) Primrose, A. P.; Parves, M.; Allcock, H. R. Macromolecules 1997,
30, 670—672.

(25) Ly, J; Mirau, P. A; Tonelli, A. E. Prog. Polym. Sci. 2002, 27,
357—401.

(26) Miyata, M. In Comprehensive Supramolecular Chemistry;
Pergamon: Oxford, UK., 1996; Vol. 10, pp 557—582.

(27) Yaghi, O. M,; O’Keeffe, M;; Ockwig, N. N.; Chae, H. K;
Eddaoudi, M.; Kim, J. Nature 2003, 423, 705—714.

(28) Bradshaw, D.; Claridge, J. B; Cussen, E. J; Prior, T. J;
Rosseinsky, M. J. Acc. Chem. Res. 2005, 38, 273—282.

(29) Férey, G.; Serre, C. Chem. Soc. Rev. 2009, 38, 1380—1399.

(30) Murray, L. J; Dincd, M,; Long, J. R. Chem. Soc. Rev. 2009, 38,
1294—1314.

(31) Horike, S.; Shimomura, S.; Kitagawa, S. Nat. Chem. 2009, 1,
695—704.

(32) Horcajada, P.; Gref, R; Baati, T.; Allan, P. K;; Maurin, G;
Couvreur, P.; Férey, G.; Morris, R. E.; Serre, C. Chem. Rev. 2012, 112,
1232—1268.

(33) Bétard, A.; Fischer, R. A. Chem. Rev. 2012, 112, 1055—1083.

(34) Uemura, T.; Yanai, N.; Kitagawa, S. Chem. Soc. Rev. 2009, 38,
1228—1236.

(35) Uemura, T.; Horike, S.; Kitagawa, K; Mizuno, M.; Endo, K;
Bracco, S.; Comotti, A,; Sozzani, P.; Nagaoka, M.; Kitagawa, S. J. Am.
Chem. Soc. 2008, 130, 6781—6788.

(36) Uemura, T.; Yanai, N.; Watanabe, S.; Tanaka, H.; Numaguchi,
R; Miyahara, M. T, Ohta, Y,; Nagaoka, M, Kitagawa, S. Nat.
Commun. 2010, 1, 83.

(37) Koh, K; Wong-Foy, A. G.; Matzger, A. J. J. Am. Chem. Soc.
2010, 132, 15005—15010.

(38) Devic, T.; Serre, C.; Audebrand, N.; Marrot, J.; Férey, G. J. Am.
Chem. Soc. 2008, 127, 12788—12789.

(39) Itaya, A.; Sakai, H.; Masuhara, H. Chem. Phys. Lett. 1987, 138,
231-236.

8363

(40) Sakai, H.; Itaya, A.; Masuhara, H.; Sasaki, K.; Kawata, S. Polymer
1996, 37, 31—43.

(41) Lewis, F. D; Yang, J.-S. J. Phys. Chem. B 1997, 101, 1775—1781.

(42) Dutta, A. K. Langmuir 1996, 12, 5909—5914.

(43) Krebs, F. C; Jorgensen, M. Macromolecules 2003, 36, 4374—
4384.

(44) Saeki, A,; Seki, A;; Koizumi, Y.; Sunagawa, T.; Ushida, K;
Tagawa, S. J. Phys. Chem. B 2008, 109, 10015—10019.

(45) Saeki, A.; Seki, S.; Sunagawa, T.; Ushida, K.; Tagawa, S. Philos.
Mag. 2006, 86, 1261—1276.

(46) Spange, S.; Griser, A.; Miiller, H.; Zimmermann, Y.; Rehak, P.;
Jager, C.; Fuess, H.; Baehtz, C. Chem. Mater. 2001, 13, 3698—3708.

dx.doi.org/10.1021/ja301903x | J. Am. Chem. Soc. 2012, 134, 8360—8363



