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Abstract: The polarity of polyelectrolyte (PE) multilayer films is investigated with pyrene as a polarity-
sensitive probe. Multilayer films of poly(styrene sulfonate) (PSS) and various polycations were prepared by
the layer-by-layer self-assembly technique. Pyrene (PY) molecules were inserted into the films by exposing
the multilayers to pyrene solutions. By this method a homogeneous distribution of pyrene molecules at low
concentration within the film was obtained. The ratio of the fluorescence intensities of the first (l) to the third
(1) vibronic band (Py-value) of the pyrene emission spectrum is employed here to determine the polarity of
the PE films. PSS and poly(allylamine hydrochloride) (PAH) multilayer films yielded a pyrene value close to
the solvent polarity of acetone, while multilayers of PSS and poly(diallyldimethylammonium chloride)
(PDADMAC) displayed a value higher than the one corresponding to water. The pyrene values of the
polyelectrolyte films were independent from the solvent employed for probe dissolving. Although no direct
relationship between solvent polarity and dielectric const@gris @vailable, an estimate of the static dielectric
constant of the films can be provided by comparing the Py-values of the films with those of various solvents.
Changes in the humidity conditions of the film environment in a closed cell did not affect the film polarity.
However, a drastic and irreversible reduction of polarity could be induced by actively drying the samples by
a nitrogen flow.

Introduction the assembly of electroluminesceficé® and photovoltait15
devices has been achieved. The electronic properties of such
devices are strongly related to intermolecular charge-transfer
processes between a donor and an acceptor molecule. The rate

and hence efficiency of an electron-transfer process is known

The layer-by-layer (L-by-L) self-assembly technidueas
been widely used to build up multilayer films on a nanometer
length scale. The technique, originally developed for the
sequential adsorption of oppositely charged pplyelectrolytes to depend on the polarity of the surrounding medir.It is
(PEs) on planar sqb_strates_, has been successively adaptt_ad 9 common difficulty to define quantitatively the polarity of the
prepare films containing various other macromolecular SPECIES. o\ ironment closely surrounding a molecule. In a macroscopic
By using elecj[rost'r;\tlc attraction between allltern'ately dEpOSItedview a medium is considered as a homogeneous continuum and
charged sesmes, inorganic nanopartiéiéshiological macro- it is essentially described by physical constants such as the static
molecgles‘;, and several polyele(_:tr_qutes an_d q@%bave begn dielectric constant(), for example. On a molecular length scale
deposited. Becguse O.f the possibility of puﬂdmg up vertically the bulk characteristics of solutions and of more highly
structured multilayer films on almost arbitrary substrates, the organized systems are not easy to describe. Intermolecular

_L-tby-L :_ech?qu:z_ pr0\|/|des a USTM sl,ynthetlt;g]agth for fab“?at'ng interactions determine the properties of the chemical system and

interesting functional supramolecular sys Or example, factors such as molecular structure and conformation, electro-
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Although various electronic and optical properties of several I PAIL PDADMAC
poleyelectrolyte multilayer systems have been investigated, less
attention has been paid until now to their dielectric properties. \E/\N%
Only recently have a few investigations of the dielectric | N
constar® or refractive indext of polyaion/polycation multi- H NH, CI ch/ \CH3
layers been reported. ca

In this work we investigate the micropolarity of multilayer PSS
films by using the fluorescence emission of pyrene molecules.
Pyrene (PY) is one of the most commonly used polarity-sensitive ‘ —[CHz—cH]—[CHz—CH]—
probes. Ther* — x emission spectrum of monomer pyrene O‘ | ** Iy
exhibits five well-resolved major vibronic bands between 370 COOH 7O
and 400 nm, generally labeled I, Il, lll, ..., V, in progressive O NH
order. Due to coupling of the electronic and vibronic state%’
the first vibronic band (60 transition, labeled as I) undergoes SO; Na' Py PAA-MePY
significant intensity enhancement with increasing solvent polar- x=55,y=1

ity Sé)zrg]pared to_the th'_rd _bar_]d «B_Frans'tlon’ _Iab6|_ed as Figure 1. Chemical structures of the monomer units of poly-
). 2 By th.e ratio of emission intensities pfthe vibronic bands (ethylenimine) (PEI), poly(allylamine hydrochloride) (PAH), poly-
I'and Il (indicated as I/lll) measured in different solvents, the (syyrenesulfonic acid) (PSS), and poly(diallyldimethylammonium chlo-
so-called Py-scale of solvent polarity has been established andide) (PDADMAC). The fluorescent dye molecules were unsubstituted
the values I/1ll are generally referred as Py-valéie$he Py- pyrene (PY) and poly(acrylic acid) (PAA) labeled with 1-pyrenyl-
scale has been widely used to characterize the polarity of methylamine (MePY).
structured or anisotropic media like micelles, biological mem-
branes, or polymer blendg2° (diallyldimethylammonium chloride) (PDADMAC)M,, 200006~
In this work pyrene molecules are inserted into preformed 3500?0’ as poklltl:ations, andhpoIyésftyrenzlsgl_for?i(c:scid) (FT\$¢5XOO%O,
olyelectrolyte multilayer films prepared by the layer-by-layer &S Polyanion. All were purchased irom Aldrich “hemical 0. and were
Eelfy-aseserﬁglty techniq)llJe. Altsoﬂghpthedprgbe ?’nol):-:-culgs irﬁhe used as received, except for PSS, which was dialyzed (Millipore GmbH,

| . be distributed diff . havi France, Filter type PBGC 07610, molar weight exclusion 10000 g/mol)
polymer matrices may be distributed on difterent sites having against Milli-Q water and freeze-dried. No additional buffers were added

a distinct type of polarity, the measured spectra represent an, the polyelectrolyte solutions to adjust the pH value. The pH was in
average of the emission characteristic of the environment sensedne range of 5.7 for PSS and PAH and 9 for PEI. For all samples PEI
by individual probe molecules. Thus, the polyelectrolyte multi- was used as the first layer of the film forming process to positively
layers are here considered as homogeneous media and theicharge the substrates. Pyrene (PM), 202.26, (purity> 99%), was
polarity is macroscopically estimated by using the Py-scale of obtained from Aldrich Chemical Co. and used without further purifica-
the solvent polarity. tion. The pyrene-labeled copolymer poly(acrylic acid) (PAA)w
Additionally, the polarity of the polymer films has been 150000, labeled with 1-pyrenylmethylamine (MePY), was prepared by

studied with respect to different conditions of the humidity of amidation of a commercial PAA sampiend obtained as a donation

the ai dthe drvi d for i ti Previ of D. F. Anghel. The chemical structures of the polymer monomer
€ airand the drying process used for lim preparalion. Frevious 15 anq the dye are shown in Figure 1. NaCl was from Merck (purity

studies on pure polyelectrolyte multilayer films by neutron - gge4) The ultrapure water used in all experiments was obtained by
reflectivity measurements have demonstrated that a significantyeversed osmosis followed by ion-exchange and filtration (Milli-Q
amount of water is retained in the filM3! This amount was  purification system, Millipore, France) with a specific resistance better
dependent on the drying process employed for film prepara- than 18 M2 cm. All organic solvents were of UV spectroscopic grade
tion.3! However, to date there have been no investigations on and were used without further purification. To vary the relative humidity

the influence that the water content within the PE films could
have on their polarity.

Experimental Section

Materials. The polyelectrolytes used for the preparation of the self-
assembled films were poly(ethylenimine) (PENL, 55000, poly-
(allylamine hydrochloride) (PAH),M,, 50000-65000, and poly-
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(22) Karpovich, S.; Blanchard, G. J. Phys. Chem1995 99, 3951-
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2039-2044.
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SystemsAcademic Press: Orlando, FL, 1987.
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Macromolecules 998 31, 8893.
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10, 1104.

(RH) of the atmosphere saturated aqueous salt solutions of sodium
hydroxide (NaOH, 6% RH at 28C)3 and sodium hydrogen phosphate
(NagHPQy, 95% RH at 20°C)*® in contact with excess salt were
employed. The purity of all salts was higher than 99% (Fluka). Slides
(1.25x 12 x 46 mm or 1.2x 9 x 35 mm for humidity measurements)
and cuvettes (4% 12.5x 12.5 mm, five windows, light path 1@ 10

mm) were made of quartz suprasil and purchased from Hellma Optik
(Jena, Germany).

Substrate Cleaning and Preconditioning.Quartz (Qz) substrates
were cleaned by using the RCA protoéblyhich means immersion in
5:1:1 (vol %) HO/H,O,/NH3 at 80 °C for ca. 15 min, followed by
extensive rinsing with Milli-Q water. After this cleaning procedure,
the slides were completely hydrophilic. For all experiments, a prelayer
of PEI was adsorbed on the Qz substrate by immersion (30 min) into
a 10 M (monomer) aqueous solution of PEI. After adsorption, the
films were rinsed by consecutively dipping them three times for 1 min
in Millipore water and then dried with a gentle stream of argon.

Preparation of Multilayer Films. Multilayer films were formed
on the PEI-coated Qz substrates by sequential deposition of polyanions
and polycations. All polyelectrolyte solutions were prepared at a

(32) Anghel, D. F.; Anderson, V.; Winnik, F. M.; Mizusaki, M;
Morishima, Y.Polymer1998 39, 3035.

(33) Wexler, A. In CRCHandbook of Chemistry and Physi@é6th ed.;
Lide, D. R., Ed.; CRC Press: Boca Raton, New York, London, Tokyo,
1995-1996.

(34) Kern, W.Semicond. Int1984 94.
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concentration of 1 M (monomer) and contairel M salt (NacCl).

The samples were manually dipped into the polyelectrolyte solutions
for 20 min each. Immediately after rinsing with water, each layer was
dried by an argon stream. Each prepared film, after the PEl-coated
substrate, consisted nfassembled polyanion/polycatidilayers.The
termbilayer is here used without reference to the internal structure of
the PE films.

Dye insertion into the films was performed by using either
unsubstituted pyrene (PY) molecules or the pyrene-labeled copolymer
(PAA-MePY). For unsubstituted pyrene, preformB&S/polycation
multilayer films were prepared (as previously described) and pyrene
was adsorbed onto the films by simply exposing the multilayers to a
solution containing the dye. After being rinsed with water, the samples
were dried by an argon stream. Due to the rinsing with water
approximately 30% of the dye molecules was removed from a film of
four bilayers, as examined by absorption spectroscopy. Additionally, ] )
remaining impurities of the solvents were washed aout. The concentra-Figure 2. Fluorescence spectra of (a) pyrene dissolved in solvents
tion of the dye solutions was of the order of £0M, otherwise stated. ~ characterized by different polarities{{ n-hexane, £ - —) chloroform,
Employing the pyrene-labeled copolymer sequential adsorption of PAA- @nd ¢-+) water] and (b) pyrene adsorbed in polyelectrolyte multilayer
MePY and PAH was performed by the layer-by-layer technique. The films. The spectra normalized at the fII’St. band | are fOI’.SIX samples of
aqueous solution of the pyrene-labeled copolymer was I (with the type Qz/PEI/[PSS/PAkExposed to six pyrene solutions prepared
respect to the COOH groups), so that the pyrene concentration wasWith n-hexan,n-butanol, cloroform, methanol, acetonitrile, and water,
1.7 x 105 M. The measured pH value of the agueous solution (ca. "espectively.

4.5) was adjusted to 7 by adding NaOH to fully dissociate the carboxylic

Pyrene in solvents | Pyrene in PE films

Ansejod Juanjos Buiseassu)

(a)

TS TITE

Fluorescence Intensity (a.u.)

i 1 - ' ’{"
390 420 450 360
Wavelength (nm)

360 390 420 450

groups.
Absorption and Fluorescence MeasurementdJV/vis spectra were
recorded with a Varian Cary-5 UV/vis spectrophotometer. Steady-state

and different pyrene solutions are listed together with values
available from the literature.

The pyrene distribution normal to the film plane has been

fluorescence spectra were recorded using a Spex Fluorolog-2 (model - - -
FL-2T2) spectrofluorometer (ISA, Olching, Germany) at room tem- examined measuring the amount of dye absorbed by multilayer

perature. Emission spectra of PY in the PE multilayer films were ﬁl_ms of \_/arlous thickness. Pr?formed [PSS/PAH] multilayers
measured in a front face arrangement. The excitation wavelength usedVith @ different number of bilayersn(= 3, 6, 9, 12) were
throughout the experiments was 340 nm and the excitation and emissionPrepared and exposed to a methanol solution containing pyrene
slit widths were both adjusted to a resolution of 0.8 nm. It was verified in @ concentration of ca. 18 M. Pure water was used to rinse
by measuring the emission spectrum of pyrene in pure solvents thatthe samples to remove excess pyrene from the surface. Figure
with this settings the Py-values can be measured with an accuracy of3 shows the pyrene absorbance at 338 nm and the fluorescence
3%. Except foPAA-MePY/PAHNultilayer films, the emission spectra intensity of the dye versus the number of PSS/PAH bilayers.
of undoped PE multilayers films were subtracted from the measured On the uppex-axis the film thickness, as determined by X-ray
PY spectra. To study the influence of humidity on the polarity of PE flectivity measurements. is re orte;d The pvrene absorbance
multilayer films the samples were fixed on a Teflon holder and enclosed _re y . . ’ P S py_ .
into a quartz cuvette in which the humidity was controlled by using NCTéases with bilayer number reaching saturgtlon at athllckness
saturated acqueous salt solutions. above about 30 nm. In the range of small thicknesses (|.e._, for
Small-Angle X-ray Scattering (SAXS) Measurements and Data samples between 3 and 9 bilayers), the absorbance per bilayer
Analysis. X-ray reflectivity measurements were performed with a is of the order of 1.5« 10~3, which corresponds to a dye density
commercial §/20 instrument (STOE and CIE GmbH Darmstadt, of 1 molecule per 7000 A The intensity of pyrene emission
Germany). The experimental data were fitted by a least-squaresalso increases with increasing film thickness. Moreover, the
algorithm to a model by using the Fresnel equations and the Parrattflyorescence spectra of all multilayer films did not show any
formalisn?®3*as described in a previous wotk® emission due to excimer formation (broad band centered at ca.
480 nm) and no changes in the shape of the spectra were
observed. This indicates a low fraction of pyrene clusters.

Polarity Determination. To examine the polarity of self- To investigate the influence of the molecular structure of
assembled polyelectrolyte films, six samples of the type PEI/ polyelectrolytes on the film polarity, multilayers prepared with
[PSS/PAH] were prepared on quartz substrates. Each film was different polycations were doped with pyrene molecules. As in
exposed to a pyrene solution and each solution was preparedhe case of PSS/PAH multilayers, four bilayers of PSS/PEI and
with a different solventn-Hexane and water were chosen as PSS/PDADMAC were prepared and subsequently dipped into
the two representative solvents for the most aprotic apolar andg methanotpyrene solution. The fluorescence spectra of each
protic polar, respectively. After the samples were rinsed with type of multilayer film are shown in Figure 4 and the
water and dried with an argon stream, fluorescence measureorrespondent pyrene values, as estimated by the intensity ratio
ments were performed. When the fluorescence of Py moleculesy/jjj, are listed in Table 2. The spectra in Figure 4 are normalized
is detected in different solvents as shown in Figure 2a (here tg the third band for a better vision. The emission spectrum
the spectra are normalized at the first band 1), the intensity of gptained from a pyrene-doped sample of the type PEI/[PSS/
the third band (Ill) decreases with increasing solvent polarity. PAH], is added for comparison. The intensity peaks at around
In Figure 2b the emission spectra of pyrene-doped samples,373 nm correspondent to peak I, clearly change for each
normalized to peak 1, do not reveal any change in the intensities spectrym indicating that the film polarity is different for different
of peak III. The films, although dipped in pyrene solutions of  inds of multilayers. PSS/PEI and PSS/PDADMAC multilayer
different polarity, always yield a Py-value of 1.220.03.In ~fims were also exposed to pyrene solutions prepared with

Results

Table 1 the Py-values determined for PSS/PAH multilayer films

(35) Parratt, L. GPhys. Re. 1954 95, 359-369.
(36) Russell, T. PMater. Sci. Rep199Q 5, 171-271.

solvents of different polarities. As it was the case for the samples
of the type PEI/[PSS/PAH]shown in Figure 2b, the intensity
ratios /11l did not change according to the type of solvent used
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Table 1. Py-Values of PSS/PAH Polyelectrolyte Multilayers and of Different Pyrene Soldtions

Soc., Vol. 123, No. 5, 2901

1/l
(literature values)

1/

present investigation

solvents € Kalyana$ Karpoviclt Stahlberd Dongf i [+ Sd
n-hexanol 1.89 0.61 0.56 0.61 0.58 046@.01
n-butanol 17.5 1.02 1.09 1.06 1.1#30.03
chloroform 4.80 1.28 1.25 1.36 0.03
methanol 32.7 1.33 1.30 1.45 1.35 1:80.09
FILM ¢ 1.72+0.03
acetonitrile 37.50 1.75 1.70 1.92 1.79 180.06
water 78.54 1.59 1.96 1.89 1.960.03

aFor solvents, the dependence of vibronic band intensities of pyrene monomer fluorescence is ‘eAltiémt. spectra were solvent blank

corrected and were verified by repetitive measurements (eight repetitions, four being on the same sample). For film values, four repetitions on each

sample were performedFilm type: PEI/[PSS/PAH]PY. ¢ Reference 26% Reference 22.Reference 27.

Thickness (nm)

Table 2. Py-Values of Different Polyelectrolyte Multilayer Films
and Dielectric Constants Estimated from the Solvent Polarity Data

0 1 20 50 20 5050 2 Given in Figure 7
00351 ...a. PY Absorbance 2 3 film type Py-value$ €
0,030 | -~-®- PY Emission A {40 €
7 = Qz/PEI/[PSS/PE}] 154+ 0.05 30+ 10
o 0025} ] 7 g Qz/PEI/[PSS/PAH] 1.75+0.06 50+ 10
g 0020l A /. 130 ¢ Qz/PEI/[PSS/IPDADMAC] 2.22+0.08 120?
8" s o z/PEI/[PSS/PAHJ[PAA-MePY/PAH]; 1.89+0.04 65+ 10
= 4 =
0,015} s R - "
_§ i 20 § aThe estimated values are referred to four repetitive measurements
< 0,010} ./ g performed on the same sample. For the first three type of samples the
0.0051 A 7 110 @ pyrene adsorption was performed by methaimjirene solutions.
» .,/' |°_
s s . s 3 —_
*%% 3 6 o 2 0k 3 a0 1 ~175 175
Bilayer Number s 1,04 3 1500 06—0600ee 1,50
. . . > L = s 1
Figure 3. Absorbance at 338 nm and fluorescence monomer intensity £ g S 125 F eyl 15 B
(band at 373 nm) for samples of the type Qz/PEI/[PSS/RM]where 2 "r = 1,004 (v -_ 1,00 5
n=3, 6,9, 12. The thickness of the films, as obtained by fitting of B 0.6 I £ 075 -\A-A‘ 4075 =
X-ray reflectivity data, is indicated on the top axis. £ 5Ur % 0500y o AdAaaalosy =
@ YR MMIRAAAALS
Q04 0.0,25.|.|.|.|.|v. 25
;2,5 I S T 0 10 20 30 40 50 60
ii . e PDAD  -oen PAH g 02l Time (min)
> 201 & e PAA —— PEI g
2 L
g r 2 0,0 P I I EP | T J
] 1,50 L 360 380 400 420 440 460 480 500
c
PR Wavelength (nm)
o Vi
S Figure 5. Series of 10 pyrene emission spectra in 15 [PSS/PAH]
b4 05/ bilayers successively measured one after the other at 95% of constant
i RH. The first spectrum collected is normalized to peak I. The successive
S 0.0 : spectra are normalized to the peak intensity | of the first spectra to
TR — ; ; show pyrene photobleaching. The inset displays a plot of the peak
380 400 420 440 460 480 500

360 intensity | and Il (left ordinate axis) and of the emission intensities

Wavelength (nm) ratio I/l (right ordinate axis) versus acquisition time.

Figure 4. Fluorescence spectra of pyrene adsorbed in preformed
polyelectrolyte multilayers of the type PEI/[PSS/PDADMAQPDAD),
PEI/[PSS/PEY (PEIl), and PEI/[PSS/PAH](PAH). Spectrum PAA
refers to a film of the type PEI/[PSS/PAHPAA-MePY/PAH].

molecules were exposed to different conditions of relative
humidity (RH) with use of over-saturated aqueous salt solutions.
Fluorescence measurements were performed at two extreme
conditions of relative humidity, i.e., 6 and 95%. The emission
for probe dissolving, indicating that the organic solvents do not intensity ratio I/1ll did not change according to humidity vari-
remain within the films. ations: a Py-value of 1.6& 0.03 was determined in both en-
The pyrene-labeled copolymer was used to confine the pyrenevironments as well as in the presence of silica gel, which was
probe within single polyelectrolyte bilayers. Films of the type Used to achieve the lowest possible value of relative humidity.
Qz/PEI/[PSS/PAHJ[PAA-MePY/PAH] were prepared and a By collecting continuously fluorescence spectra, without any
pyrene value of 1.89 0.04 was measured. The sample emission delay time between the acquisition of each of them, strong
spectrum is shown in Figure 4 and the Py-value is listed in Table pyrene photobleaching was observed. Figure 5 shows a typical
2. series of emission spectra together with their time trace (inset
Influence of Humidity on the Polarity of Polyelectrolyte of Figure 5) for a sample stored, in this case, at 95% of constant
Multilayers. The polarity of the polyelectrolyte multilayer flms  RH. The total emission intensity decreases from the first
was additionally studied by pyrene fluorescence spectroscopyrecorded spectrum (upper in the series) until the last one,
as a function of the humidity of the environment. Preformed indicating photobleaching of the pyrene molecules. The strong
PSS/PAH multilayer films of 15 bilayers doped with pyrene decrease in the fluorescence intensity is a combination of a fast
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Figure 6. (a) Fluorescence spectra for a sample of the type PEI/[PSSARM] During the first 10 data collections the sample (enclosed in a Qz
cuvette) was blown by nitrogen, while during the subsequent 5 spectra the sample was immersed into water. (b) Variation of the peak’s intensity
I and Il and of their respective ratio I/lll as a function of the spectra acquisition time.

component with decay time on the order of several minutes and with water, avoiding simultaneously a complete probe desorption
a slow one, which has a decay time on the order of hours (seefrom the whole polymer matrix. At a film thickness above
inset of Figure 5). Aftel h ofirradiation the total fluorescence  approximately 30 nm a saturation of the adsorbed amount of
intensity is reduced by more than 50%. The ratio of the first to dye is observed. Such behavior, already reported in previous
the third band decreased only within the fast decay time from studies on charged dye molecufé$ndicates a finite penetra-
1.68+ 0.01 to 1.48+ 0.01 and remained constant afterward tion depth of roughly 30 nm for the probe diffusion within the
(inset of Figure 5). The same behavior was observed at 6% offilm. Thus, to avoid the saturation regime, which could have
relative humidity and for samples dried by silica gel. In all cases, resulted in an inhomogeneous distribution of the dye within the
the Py-values as well as the integrated intensity recovered tofilm, preformed PE multilayers of only four bilayers were used
their initial values when keeping the samples in the dark for to determine the film polarity by PY emission. The mean
several hours. concentration of pyrene within the film has been estimated on
Another parameter that was supposed to influence the polaritythe order of 1 molecule per 7000°Aor a pyrene methanol
of the films was the drying procedure employed for film solution at 335 nm. By exposing the multilayer films to pyrene
preparation. Thus, a sample of 15 [PSS/PAH] bilayers doped solutions prepared with other solvents, such as water, the pyrene
with pyrene molecules and kept at a relative humidity of 95% concentration within the film was even lower. No excimer
for 2 days was blown by a nitrogen flux and simultaneously emission could be detected in the pyrene emission spectra, which
fluorescence spectra were acquired. In Figure 6b the time tracesvould indicate pyrene associations. In conclusion, there is
of the peak intensities and the pyrene values are shown. Thesignificant experimental evidence that the pyrene molecules are
first 10 data points correspond to this drying procedure. Without homogeneously distributed at low concentration within the bulk
interrupting the spectra collection, the cuvette containing the of the polyelectrolyte films. On the other hand, under the
sample was filled with pure water and another five spectra were assumption of a homogeneous distribution and a mean volume
recorded, as demonstrated in Figure 6a. During the nitrogenper molecule of 7000 A, the distance between two molecules
exposure the total intensity decreases and recovers to the initials on the order of 20 A, which is small enough to ensure efficient
value when water is added. Moreover, also the intensity ratio energy transfer between molecules with a high oscillator
I/, i.e., the pyrene value, decreases during the drying processstrength.
from an initial value of 1.46 to 0.99, and only slightly increases ~ The micropolarity sensed by the pyrene molecules in the self-
to 1.04 when the sample is immersed into water. By storing assembled polyelectrolyte multilayer films is independent of the
the sample in water for 1 h, no change in the intensity ratio nature of the solvents used for dissolving probe. This is proved

I/lll was detected. by the evaluated Py-values of the films which are constant when
the dye adsorption is performed from dye solutions of different
Discussion solvents (see Figure 2b and Table 1 for PSS/PAH multilayers).

o _ The film microenvironment was also found to be independent
_ A homogeneous distribution of pyrene at low concentration of the film thickness and the storage time of the samples (one
in the polymer films should be achieved to ensure that the year maximum in ambient conditions). The emission spectra
polarity sensed by the probe molecules is not influenced by shown in Figure 4, together with their intensity ratios I/l listed
contributions of dye molecules closely arranged in the vicinity j, Taple 2, clearly show that the polarity of the PE multilayer
of one another. The concentration and the vertical distribution fjjms can be varied via the chemical structure of the polymers
of pyrene molecules within the film can be extracted from Figure seq for the multilayer build-up process. The variations in
3. Here, the absorbance (which is a measure of the adsorbedyo|arity can cover a broad range of Py-values measured for
amount of pyrene) clearly increases with increasing film yarjous solvents, like dioxane and water, for example. Multilayer
thickness. By extrapolation of the data to zero thickness, no fjims of PSS/PDADMAC display an anomalous Py-value (ca.

offset of the absorption is observed, proving that no excess of 22 with respect to solvents. Within the Py-scale of solvent
dye molecules at the film surface exists. The low solubility of (37) Stahiberg, J.- Almgren. Manal. Chem 1985 57, 817—821.

unsubstituted pyrene in water<3 «M) enables one to remove (38) Caruso, F.; Lichtenfeld, H.; Donath, E.; Kwald, H. Macromol-
the excess of dye molecules from the film surface by rinsing ecules1999 32, 2317.
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e Protic Solvents ambient humidity on the film polarity could be detected, the
1801 o aprotic Sovents | @~ o mamide ; contribution of water molecules on the film polarity can be
Egi reaspnably excluded. This finding.lgads to thg c.onclusion. that
120l { mu_ItlIayers of PSS/IPDADMAC exhibit an apro_tlc-llke behawo_r,
100l while _f|Ims of PA_A-MePy{PA_H can be considered as protic
80, materials. A protic behavior is assumed as well for PSS/PEI

w 6ol and PSS/PAH multilayers, because the hydrogen-donating
a0l groups of PEI and PAH are still present within the films when

ool the polycations are assembled together with the PSS. Under

ot these assumptions an estimate of the static dielectric constant

for each type of polyelectrolyte multilayer film has been
obtained from the values of the exponential fits of the protic
and aprotic solvents corresponding to the Py-values of the films
Figure 7. Static dielectric constamtversus Py-values for homogeneous (see Figure 7). The values of the dielectric constants are listed
solvents. The protic and the aprotic solvents are marked. The in Table 2. The errors have been estimated by the variance of
exponential curves are least-squares fits to the data values and drawRhe solvent values with respect to the exponential curves. For
as a guideline to the eyes. The pyrene values of the various polyelec-pgg/pDADMAC multilayers it is nearly impossible to deduce
trolyte films are indicated by the vertical linesaPSS/PEI, b= PSS/ a reliable value fok, because as can be seen by Figure 7 no

PAH, ¢ = PAA-MePy/PAH, d= PSS/PDADMAC). The dielectric solvents are available as a reference, which exhibit so high
constant is estimated from the cross section of the vertical lines with ’ g

the exponential fit curve of protic or aprotic solvents, respectively. For polarity like the PSS/PDADMAC films. This explains the big

the case of PSS/PDADMAC extrapolations of the fit curves have been €rTOr that is introduced in the evaluationefor these types of
used. multilayers. However, these studies were not intended to

measure the dielectric constant of the PE films, which obviously

polarity the highest reported Py-values are 1.87 and 1.95, whichcould be better determined by performing electric measurements.
correspond to the values measured for the most polar solventsHere, we desired more to give information on the micro-
i.e., water and dimethyl sulfoxide, respectivélyNonetheless,  environment of pure polyelectrolyte films, which could be
the Py-value obtained for PSS/PDADMAC multilayers is not additionally helpful in gaining a better understanding of factors
unreasonable since even higher values have been reported fronthat might be related to the polarity of the PE assemblies.
Nakashima et & for block copolymer films. Moreover, it is the local polarity that plays an important role in

However, caution has to be paid when comparing the Py- the control of photoinduced electron-transfer processes, the long-
values of the PE films with those of solvents. The Py-scale is term aim of these studies.
not sensitive to the protic or aprotic behavior of solvents, i.e.,  Studies performed on polyelectrolyte filf'sand similar

to their ability or inability, respectively, to act as hydrogen bond systems such as monolayers of polyelectrolyte bru&sigwed
donors!® This becomes evident when a correlation is attempted significant film swelling upon exposure to humid air. This

Py-values

against other solvent polarity scales, like Dimrothi¢30)-scale,  finding indicates that the relative amount of water in the films
or physical parameters, such as the dielectric constant, just asjepends on the humidity. Here, experimental evidence has been
examplesg’2?® By plotting the static dielectric constait of obtained for an unchanged micropolarity of the films upon

various solvents against the corresponding Py-values (see Figuresariation in the humidity conditions of the film environment. It
7), an accumulation of data points along separated traces forseems that the water content in the polyelectrolyte films does
protic and aprotic solvents can be observed as a trende The not affect the microenvironment in the proximity of the pyrene

values of protic solvents are generally higher compared to thosemolecules, or at least gives a constant contribution independently
of aprotic solvents. Since no significant functional relation has of the relative humidity of the air.

been found betweea and the Py-scal®, the literature data It has been further demonstrated that the film polarity
presented in Figure 7 have been arbitrarily fitted to an dramatically changes by drying the films actively with a nitrogen
exponential curve, which should be considered as a guide for stream (see Figure 6b). This finding seems to be contradictory
the eyes. From this graph a rough estimate of the dielectric with the previous result. However, by drying actively the PE
constant of the polymer films can be derived by comparing the fiims, changes in the internal film structure and total film
film Py-values with those of solvents. For doing this, a possible thickness were observed in previous studi#sprobably as a
approach is to consider the chemical structure of the polyelec- result of shear deformation. It was suggested that the drying
trolytes with respect to their proton-donating behavior. Due to procedure leads to a rearrangement of the polyelectrolytes, which
the ability of primary and secondary amines, as well as that of in turn increases the number of ionic bonds between the
carboxylic groups, to behave as hydrogen bond donors, thepolycations and polyanions. Thus, the observed changes in the
polyelectrolytes PEI, PAH, and PAA-MePy, which respectively film polarity upon the active drying process may be explained
contain these groups (see Figure 1), are expected to exhibit apy this structural reorganization. Hong efakhowed that the
protic-like behavior. On the contrary, PSS and PDADMAC can  structural modification of the PE films by the drying procedure
be better approximated to aprotic solvents because of thejs irreversible. This finding is in agreement with our experiments
presence of sulfate groups and tertiary amines, respectively.which demonstrate irreversible changes in the film polarity, even
However, these arguments become more difficult when con- by immersing the samples into water (see Figure 6 b).
Sidering the pOIyanionS and pOlyCﬁtiOﬂS assembled into multi- The pyrene pho’[ob]eaching observed in Figure 5 can be
layer films. Within the polymer matrix a significant amount of  ascribed to the presence of oxygen, a well-known quencher of

water is retained>®! suggesting a contribution to the film  py fluorescencé? It is interesting to note that the time decay
polarity. Nevertheless, since in this work no influence of the

(41) Sokhurukov, G. Unpublished results.
(39) Nakashima, K.; Miyamoto, T.; Hashimoto,Ghem. Commuri999 (42) Biesalski, M.; Rhe, J.Langmuir200Q 16, 1943-1950.
213-214. (43) Birks, J. B. InPhotophysics of Aromatic Moleculed/iley: New
(40) Dong, D. C.; Winnik, M. A.Photochem. Photobioll982 35, 17. York, 1970.
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of fluorescence under constant illumination can be described by this method is sufficiently low to consider the dye molecules
by two time constants (see inset of Figure 5) and that the pyreneas isolated from each other, but high enough to enable energy
value decreases during the fast bleaching process. This behaviotransfer between them.
is unexpected, since the I/lll band intensity ratio usually is not ~ Dye molecules should be placed at a defined layer position
sensitive to photobleaching in the presence of oxygehn within the film. This problem was solved by using a dye-labeled
explanation for this behavior could be given under the assump-copolymer where the position of the probe molecules was
tion of pyrene partitioning into two different environments controlled via the sequence of the adsorption process.
within the film. One fraction of the dye molecules could be As a major task, control of the film polarity should be
localized in sites characterized by a high polarity, which we provided. Depending on the kind of polyelectrolyte employed
assume to exhibit strong photobleaching, while the remaining for film formation, different polarities could be obtained, thus
molecules could be placed in a more apolar environment, providing the opportunity to produce tailored systems for ET
showing only small photobleaching. Since the recorded fluo- processes. One may criticize the conversion of the films Py-
rescence spectra (see Figure 5) represent an average of thealues into dielectric constants since the Py-scale is based on
emission of both fractions, at the acquisition of the first spectrum measurements with isotropic solvents of low molecular weight.
an average Py-value is observed (1.68 in our case). Simulta-However it should be kept in mind, with respect to the long-
neously, the molecules localized in the polar environment are term goal of this work, that electron transfer (ET) processes
bleached and a consequent reduction of the recorded film Py-are mainly influenced by the local polarity. It is a big advantage
value results. However, at the present state of the studies thisthat pyrene as a dye probe for polarity investigations is also
explanation can be rather speculative. suitable for ET studies, due to its long lifetime of the excited
The recovery of photobleaching after storage in the dark may state.
be explained by lateral diffusion of the pyrene molecules. The  The polarity of the film structures should be inert against
sample is illuminated only on a narrow stripe (1 mm) and the environmental conditions. It has been also shown that contact
dyes are destroyed by photooxidation only within this zone. In with different solvents or air of different humidity does not
the dark, undestroyed molecules will diffuse into the former change the local polarity. However, actively rearranging the
illumination zone and thus fluorescence can be observed latermatrix via a nitrogen stream may reduce the water content in
on. This effect is well-known and has been used to measurethe film.

the diffusion coefficient of dyes within polyelectrolyte multilayer In conclusion, this work has established fundamental steps

films.44 to prepare a film with a polarity gradient suitable for ET studies.
Finally it should be stated that the employed method can be

Conclusions and Outlook easily extended from planar films to colloidal templates, which

] exhibit higher specific surface area. This facilitates time-resolved
The work presented here is part of a program to prepare angptical spectroscopy as well as future applications in photo-
ultrathin film with a polarity gradient along which a photo-  gnergy conversion.

induced electron-transfer process could be directed. To realize
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