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We show that strong noncovalent interactions between a host polymer and guest dye molecules
drastically suppress the dye aggregation tendency, thereby allowing high doping levels, which in turn
opens possibilities for enhanced performance. We use a common azo-dye (Disperse Red 1) and three
polymer matrixes: polystyrene (PS), poly(4-vinylphenol) (PVPh), and poly(styrenesulfonic acid) (PSSA).
The polymer-dye systems are studied in thin films by ultravietetsible and infrared spectroscopy and
by optical second-harmonic generation. The lack of interaction in PS-matrix limits the maximum obtainable
dye loading without aggregation below 20 wt %. Due to the polar nature of PVPh matrix, ca. 40 wt %
dye loading can be achieved without aggregation, whereas in PSSA an ionic complex is formed, allowing
ca. 60 wt % loading. In the latter case a dye molecule is attached to approximately each polymer unit,
which has typically required covalent bonding of dye molecules to the polymer. This motivates further
studies of noncovalently interacting guebbst systems as a general route for functional optical materials.

1. Introduction The incorporation of guest molecules in a polymer matrix

Organic dye-doped polymer materials have numerous can be done in different ways (Figure 1.)..In conventional
optoelectronic applications, including frequency conversion POlymer systems, the active compound is m_corpogated Into
of light, waveguiding, optical signal processing, and optical he host polymer as a dissolved guest (Figure°18p
data storage® and are also established as potential laser significant intermolecular interactions occur between the
media® Compared to inorganic materials, such systems have@ctive molecules and the polymer in such guésist
the advantage of being highly processable; i.e., a system withSYStems. These systems are simple and cost-effective, as they
desired properties can be tailored with low fabrication cost, ©NY require mixing of the constituents in order to produce
The applications of dye-doped polymer systems are basedne desired compound. Unfortunately, conventional guest
on, e.g., nonlinear optical, fluorescent, photochromic, or host systems suffer from several undesirable features that

photorefractive effects and exploit the high response of the limit their usability in device applicatiorfsFor example, the
active molecules to optical fields® In many of these thermal stability of such systems is poor in applications that

applications, it is essential to use high concentrations of the "¢y on net alignment of the active molecufésA more
active molecules while preventing the aggregation of the 9€neral problem is the aggregation tendency of the guest

molecules in the polymer matrix, as this leads to increased Molecules in the polymer host, which limits the doping levels

scattering losses, to changes in the spectroscopic propertied® Moderate valuestypically less than 20 wt %.

and typically also to a decrease in the overall response of 10 overcome the problems of the guebbst systems, the

the system. active molecqles ha\{e been covalehtly linked to the polymer
backbone (side-chain systems; Figure 1b) or chemically
. * C_IorreS_por]ding ,au;horf-_ Tel.:-358 9 451 3678. Fax+358 9 451 3155. incorporated into the backbone itself (main-chain systéms).
'Tﬂas?,:ﬂjpd','m,‘:%% g,f'T"echnomgy_ _In s_uch_systems, thermal relaxation of m_olecular alignment
(f)Tgmlpere lLJni\éersity ofATe%?nology.W £ Tod G Chen. 3 is significantly reduced® Moreover, an active molecule can
alton, L.; Harper, A.; Ren, A,; ang, rF.; loaorova, G.; en, J.; H . H H
Zhang, C. Lee, Mind. Eng. Chem. Re4.999 38, 8-33. pe a}ttached. to each polym_er unit (1:1 molar.rat|o), resulting
ang, J. . KIm, E.; KImM, J. pt. Mater. , . | | | | . V | y
2) Kang, J. W.; Kim, E.; Kim, J. JOpt. Mater.2002 21, 543-548 n high doping concentrations. Covalently linked systems
® gl"j‘r“ervASp-pls-prP;(‘)"&”g *éfﬁ'éii{”a' V. K.; Tripathi, K.JNOpt. A: however, are considerably less attractive than gtiesst
(4) Zhang, W.; Bian, S. Kim, S. I.; Kuzyk, M. GOpt. Lett.2002 27, systems, as complicated organic synthesis is required for each
1105-1107. combination of a polymer and an active molecule.

(5) Singh, S.; Kanetkar, V. R.; Sridhar, G.; Muthuswamy, V.; Rajal K.
Lumin. 2003 101, 285-291.
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Kaatz, P.; Gunter, FOrganic Nonlinear Optical MateriatsGordon Sci. 2004 29, 45-74.
and Breach Science Publishers SA: Basel, Switzerland, 1995. (10) Singer, K. D.; Kuzyk, M. G.; Holland, W. R.; Sohn, J. E.; Lalama, S.
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Figure 2. Chemical structures of Disperse Red 1 (DR1), polystyrene (PS),
poly(4-vinylphenol) (PVPh), and poly(styrenesulfonic acid) (PSSA) and the
proposed noncovalent interaction between DR1 and PSSA.

is the work of Banach et al., in which the effect of the host
environment on the electro-optic coefficient of doped
polymer films has been investigat&d-urthermore, proto-
nation of polyaniline-based polyblends with sulfonic acid
containing dye molecules has been exploited to produce
highly conducting coating materiadg.

In this paper, we studied the influence of noncovalent
interactions between dye molecules and polymer matrix on

/ i the aggregation tendency of the guest molecules. To do this,

we incorporated a common azo-dye into host polymers that
have different functional groups, potentially capable of
different levels of interactions with the dye. The systems
were studied by ultravioletvisible (UV—Vis) and infrared
Figure 1. Schematic representations of dymolymer systems: (a) (IR) spectroscopy as well as by optical second-harmonic
conventional guesthost system with essentially no interactions between fi o Its sh that int | lar int ti
the polymer and the dye molecules easily leads to aggregation of the dyes,genera lon. Qur resufts show that intermolecular interactions
(b) covalently linked system, and (c) guesibst system with intermolecular ~ between the polymer and the dye molecules can be enhanced
interactions between the dyes and the polymer prevent their aggregation.by careful selection of the host polymer. This reduces
Noncovalent intermolecular interactions offer a new way considerably the aggregation tendency of the dye molecules
to link the active molecules to the polymer backbone (Figure and allows doping levels comparable to covalently linked
1c). Such interactions are widely exploited in supramolecular polymer systems with no need for demanding organic

chemistry! to prepare self-assembled polymer matefials synthesis.
In optoelectronic applications, ionic self-assembly and
vapor depositiot?® have been used to produce thin films 2. Materials and Experimental Methods

by utilizing n.oncovalent |ntgract|on§. Although the influence The chemical structures of the materials used in this study are
of dye—dye intermolecular interactions on the performance gpoyn in Figure 2. As an active molecule, we used the common
of optoelectronic polymer systems have been thoroughly 5z0-dye Disperse Red 1 (DR1), well-known for its second-order
investigated?#* significantly less effort has been directed nonlinear optical and photoactive propertié4:26 DR1 contains
toward the study of noncovalent interactions between the several groups that can form noncovalent bonds. Most importantly,
active molecules and host material. A significant exception it contains a tertiary amine group, which has a lone electron pair
and is expected to act as a base. As polymer hosts, we used
(11) Lehn, J.-MSupramolecular Chemistr{yCH: Weinheim, Germany, polystyrene (PS), poly(4-vinylphenol) (PVPh), and poly(styrene-

12) }4995i WA - Int. EQ003 42, 16921712 sulfonic acid) (PSSA), which are structurally similar but contain
amley, I. W.Angew. Chem., Int. , . ; ; ;
(13) Ikkala, O.. ten Brinke, GSciences002 295 24072409, _dlfferent functional gro_ups. The functional grou.p Qf the pplymgr
(14) Pollino, J. M.; Weck, MChem. Soc. Re 2005 34, 193-207. is expected to strongly influence the strength of its interaction with
(15) Meier, M. A. R.; Schubert, U. §. Comb. Chen005 7, 356-359. the DR1 molecules and, consequently, the aggregation tendency
(16) Faul, C. . J.; Antonietti, MAdy. Mater. 2003 15, 673-683. of the molecules. PS is a nonpolar polymer and therefore acts as
(17) Choi, J. U,; Lim, C. B.; Kim, J. H.; Chung, T. Y.; Moon, J. H.; Hahn,
J. H.; Kim, S. B.; Park, J. WSynth. Met1995 71, 1729-1730.
(18) Rashid, A. N.; Erny, C.; Gunter, RAdv. Mater. 2003 15, 2024~ (22) Banach, M. J.; Alexander, M. D., Jr.; Caracci, S.; Vaia, RCAem.
2027. Mater. 1999 11, 2554-2561.
(19) Facchetti, A.; Annoni, E.; Beverina, L.; Morone, M.; Zhu, P.; Marks, (23) Cao, Y.; Treacy, G. M.; Smith, P.; Heeger, A.Synth. Met1993
T. J.; Paganini, G. ANat. Mater.2004 3, 910-917. 55-57, 3526-3531.
(20) Harper, A. W.; Sun, S.; Dalton, L. R.; Garner, S. M.; Chen, A.; Kalluri, (24) Marestin, C.; Mercier, R.; Sillion, B.; Chauvin, J.; Nakatani, K.;
S.; Steier, W. H.; Robinson, B. H. Opt. Soc. Am. B99§ 15, 329— Delaire, J. A.Synth. Met1996 81, 143-146.
337. (25) Toussaere, E.; LabpP. Opt. Mater.1999 12, 357—362.

(21) Liakatas, I.; Cai, C.; Bsch, M.; Jger, M.; Bosshard, Ch.; Gunter, P.  (26) Loucif-S&bi, R.; Nakatani, K.; Delaire, J. A.; Dumont, M.; Sekkat,
Appl. Phys. Lett200Q 76, 1368-1370. Z. Chem. Mater1993 5, 229-236.
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an inert reference with no significant interactions with the polar
DR1 molecules. PVPh contains a polar phenol group, which is
expected to exhibit slightly enhanced, intermolecular interactions
with DR1. In PSSA, the interaction between DR1 molecules and
the polymer is expected to be stronger and more specific as proton
transfer from the PSSA to the amine functionality of the dye is
expected to lead to a polyelectrolytdye complex (see Figure 2).

All materials used were commercially available and were used
without further purification. PSSAM, = 70000) was supplied by
Polysciences Inc. as a 30 wt % water solution and was dried before
use in 60°C for 48 h. Five weight percent solutions of DR1
(Aldrich, 95%,M = 314 g/mol), PSSA, and PVPh (Maruzen Co.;
M, = 1100-5200) were prepared in dimethylformamide (DMF;
Fluka, >99%), and 5 wt % solutions of DR1 and PS (Polymer
Source Inc.M, = 54000) were prepared in tetrahydrofuran (THF;
Fluka,>99%). The solutions were combined to obtain DR1/polymer
solutions with nominal doping values varying from 10 to 80 wt %.
The final solutions were stirred for 24 h, after which thin films
were prepared on glass substrates by spin coating for 30 s at 5000
rpm. The residual solvent was removed by drying the films in a
vacuum oven at 50C for at least 24 h. For comparison, we also
prepared films of neat DR1 by spin-coating dilute (G-A5wt %) .
solutions of DR1 in THF and DMF. For second-harmonic measure- 350 400 450 500 550 600 650 700
ments, we prepared samples with various thicknesses by changing
the viscosity of the solution (2, 5, 10, and 15 wt % of constituents
in the solution). The thicknesses of the samples were monitored
with atomic force microscope and were observed to be nearly
independent of DR1 doping level.

Molecular aggregates are known to have different spectroscopic
properties than individual molecules. The spectral changes originate
from the intermolecular excitonic couplitfgand result in a shift
of the linear absorption maximum toward shorter (H-type aggrega-
tion) or longer (J-type aggregation) wavelengths. The aggregation
tendency of DR1 molecules in the three polymers was probed by
unpolarized UV-Vis absorption measurements (Shimadzu UV-
2501PC). The samples were oriented at normal incidence with Wavelength (nm)
respect to the incoming light beam and the reference spectrum wasgigure 3. UV—Vis absorption spectra of thin films of (a) neat DR1
measured from a clean glass substrate. To investigate the influencénormalized) and DR1 in PS, (b) DR1 in PVPh, and (c) DR1 in PSSA.
of acid environment on the spectroscopic properties of the guest
molecules, we also studied changes in the-UXs absorption in the plane of incidence and the transmitted second-harmonic signal
spectrum (Perkin-Elmer Lambda 950) of DR1 in a dilute THF Was detected with a photomultiplier tube.
solution upon gradual addition of methanesulfpnic ac?d (MSA). 3. Results and Discussion

Infrared spectroscopy was used to study the interactions between . .

DR1 and the sulfonic acid functional group. MSA was used as a The UV—Vis spectra of the DR1/polymer films are plotted
model compound for PSSA because it contains the same functionalin Figure 3. As a common trend for all three polymers, the
group and its infrared spectrum is less complex. A 1:1 complex of absorbance is observed to increase with increasing DR1
DR1 and MSA was dissolvedsaa 5 wt %solution in THF and doping. When a certain threshold concentration is exceeded,
drop-cast on a KBr pellet. Pure DR1 was mixed with KBr and a band due to the aggregation of DR1 appears in the lower
pressed to a pellet, and MSA was analyzed between two polyeth-wavelength regiof? However, the maximum DR1 doping
ylene sheets (IR cards, Thermo). The spectra were taken inthat can be reached without major spectral changes differs
_transmlssmn mode with a Nicolet Mag_na 750 Fourier transfor_m significantly for the three polymer matrixes under investiga-
infrared (lFTIR) spectrometer by averaging 64 scans at a resolutlontion' due to the intermolecular interactions between the dye
of 2 cnr™. : . and the polymer host. In the absence of the polymer matrix,

The polymer samples were studied by second-harmonic genera-

most of the DR1 molecules form aggregates, as can be seen

tion (SHG), which is a sensitive probe of molecular adsorption at f h lized f DR1 film (Fi
surfaces and interfacés.The method is particularly suited for rom the normalized spectrum of a neat iim (Figure

monitoring the adsorption of molecules such as DR1, which is polar 3a). . ) . ) )
and has a strong nonlinear response. The second-harmonic response The absorption maximum of DR1 in PS (Flgqre 3a) shifts
of the samples was measured using a Q-switched flash-lampfrom ca. 485 to 430 nm when 20 wt % doping is exceeded.

pumped Nd:YAG laser (1064 nm;10 ns,~5 mJ, 30 Hz) incident ~ This indicates that aggregation takes place already at
at 45 on the sample. The fundamental beam was linearly polarized moderate dye concentrations as expected for a conventional
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(27) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure Appl. Chem1965 (29) Reyes-Esqueda, J.; Darracq, B.; Gafdiacedo, J.; Canva, M.;
11, 371-392. Blanchard-Desce, M.; Chaput, F.; Lahlil, K.; Boilot, J. P.; Brun, A;;
(28) Shen, Y. RNature 1989 337, 519-525. Lévy, Y. Opt. Commun2001, 198 207-215.
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Figure 4. UV—Vis absorption spectrum of DR1 in THF (concentration
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guest-host system. In PVPh (Figure 3b), aggregation gives T T T T
rise to a distinct peak at lower wavelengths (410 nm), but in
this case the onset of aggregation occurs at higher (near 40
wt %) DR1 concentration. Due to the increased polarity of
PVPh compared to PS, the DR1 monomer absorption band
is red-shifted to ca. 515 nm. The polar functional group
within the polymer chains allows the monomer concentration
to be increased without aggregation, even if there is expected
to be only relatively weak intermolecular interactions
between the polymer and the dyes. In PSSA (Figure 3c),
the absorption maximum at 515 nm is accompanied by a
shoulder at ca. 550 nm even at low DR1 doping. However, . . . .
no significant spectral changes are observed even at 63 wt 3100 2900 2700 2500 p 2300 2100
% doping, which corresponds to the 1:1 molar ratio of DR1 Wavenumber (cm )
in the polymer. The slight broadening of the spectrum at Figure 5. Infrared spectra of DR1, MSA, and 1:1 complex of DR1/MSA
high dye concentrations could indicate the presence of a' (&) 1306-700 cm* and (b) 3106-2100 cnt* regions.
minor amount of dimers or higher aggregates, but could also
be caused by changes in the polarity of the local environment.
In any case, the observation that absorbance increases eve
at high dye doping levels suggests that the majority of DR1
molecules remain as monomers up to all sulfonic acid groups
being occupied.

To investigate the origin of the different spectrum of DR1
in PSSA compared to the other matrixes, we measured its
spectrum in a dilute (I& mol/L in THF) solution environ-

ment by gradually increasing the acidity of the solution . : :
; two bands are both assigned to the asymmetric stretching
(Figure 4). We used MSA as a model compound for PSSA vibration of the S@™ anions3? The presence of these bands

as they both contain the same functional group. The dilute | . . .
DR1 solution has a broad absorption band with a maximum indicates that the sulfonic acid group of MSA complexes
at 488 nm. Due to the low concentration. this band can be with DR1 to form a sulfonate salt. Measurements in the
attributed to DR1 monomer absorption.’The spectrum is 3100-2100 cnT* region (Figure 5b) reveal which functional

similar as in PS and PVPh matrixes at low DR1 doping levels group of DR1is involved in the reactlon_. A broad ban_d that
(see Figure 3a,b), indicating that mainly monomers are extends from ca. 2500 to 3000 cinpartially overlapping

present also there. Upon addition of MSA, the spectrum V.V'th C;H stretchmg V|brat|0_r|1_:‘],. IS aSS|gnted to—tlkH w?ra- f
gradually changes shape to reach a maximum at 518 nm an&'onS of ammonium group¥. This suggests protonation o

a shoulder at ca. 530 nm. This is accompanied by an increas hfe ter(tjlary atmlne functlo?alltytr?fttt)thf b)f[ su”qm&iﬂt\j/'
in absorbance. In addition, an isosbestic point can be nirared spectroscopy confirms that th€ features in

observed at ca. 480 nm, which indicates that only two Vis spectra of DR1/MSA (Figure 4) and DR1/PSSA (Figure

spectroscopically active species are presefhese species 3c) can be assigned to protonation of DRI.
correspond to protonated and unprotonated DR1 monomers;

as W|” be demonstrated by |R Spectroscopy_ (31) Fan, X.; Bazuin, C. GMacromolecules995 28, 8209-8215.

(32) Chen, W.; Sauer, J. A.; Hara, olymer2004 45, 7219-7227.
(33) Socrates, Gnfrared and Raman Characteristic Group Frequencies
(30) McBryde, W. A. E.Talanta1974 21, 979-1004. John Wiley & Sons: Chichester, England, 2001.
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MSA was chosen as a model compound also for studying

e interaction between sulfonic acid and DR1 because the

SA spectrum is less complex than that for PSSA and thus
easier to interpret. The infrared spectrum of the 1:1 DR1/
MSA complex shows pronounced changes compared to the
spectra of the individual constituents (Figure 5). The most
obvious changes are the bands that appear at 1050, 1209,
and 1250 cm! (Figure 5a). The 1050 cn band is assigned
to the symmetric stretching vibration of $C* The other
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essentially all molecules are isotropically distributed in the
polymer matrix and give rise to no second-harmonic signal.
However, the polymer host can only attach a certain amount
of dye molecules. Beyond the “threshold concentration”,
which differs for each polymer, the excess dye molecules
are free to migrate to the filmsubstrate interface. Due to
the interactions between the dyes and the substrate, the
molecules at the interface show polar alignm&niyhich
leads to a SHG signal. For even higher concentrations, DR1

DR1 in PSSA

DR1in PS
DR1 in PVPh

Second-harmonic intensity (arb. units)

,,,,,,,,,,,,,,,, molecules aggregate and the signal is suppressed. This
0 20 40 60 80 100 interpretation correlates well with the UWis absorption
Dye concentration (wt %) data. The concentration for the maximum second-harmonic

Figure 6. Second-harmonic signals from thin films of DR1 in PS, PVPh, S'gn_al can th?refore be used aS. a _measure _Of.the monomer
and PSSA at different dye concentrations. The signal arises from DR1 doping capacity of the polymer, indirectly verifying that the

molecules adsorbed at the glass substrate and can be used to probe th¢-1 molar ratio of DR1 can be attached to PSSA
doping capacity of the polymer. ' '

Complementary information on the complex formation 4. Conclusions
between DR1 and the polymers was obtained by measuring \ye have shown that when intermolecular interactions

the second-harmonic response of the samples. The SHGyepween a polymer host and guest dye molecules are
signal was observed to be independent of the film thickness controlled, the tendency of the molecules to aggregate can
(data not shown), indicating that the signal arises from the po reduced. With use of polar polymers, the monomer
interface regions only. Possible contributions from the tWo ¢oncentration can be increased compared to conventional
interfaces (airfilm and film—substrate) were addressed g est-host systems. Furthermore, with use of ionic interac-
separately by comparing the SHG response of thick polymer ;o hetween a basic dye and an acidic polymer, a 1:1 molar
films for twp different sample orlentatl.ons (substrate first | atig of dye molecules can be attached to the polymer simply
or sample first; data not shown). The high absorbané® ( by mixing the constituents. We have also demonstrated a
of the films at the second-harmonic wavelength ensured that,athod based on second-harmonic generation that can be
only the signal from the back interface reached the detector. ¢qq to probe the amount of dyes that can be attached to the
These measurements indicate that SHG signal originates frompolymer. It yields results that correlate well with UWis
the film—substrate interface. absorption measurements, which are more traditionally used
The second-harmonic response of the samples was meayq this purpose. Our results obtained with model compounds

sured as a function_ of dye copcentration (Figure 6). In all o1 be considered as a proof of concept, and we expect the
three polymer matrixes, the signal was found to peak at a ynethod to be applicable to a variety of systems with
certain dye concentration. While the peak intensity was complementary interaction groups.

approximately the same in each matrix, its location varied
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The peaks in the second-harmonic response of the samples
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