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Features of pseudoisocyanine J-aggregates
formation in spin-assisted layer-by-layer
assembled films and their interaction
with metal nanoparticles
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Features of pseudoisocyanine J-aggregates formation in layer-by-layer assembled poly-
mer films by the spin-assisted method were studied by optical spectroscopy. The films
prepared by the spin-assisted LbL method appeared to be thicker and more inhomogeneous
compared with those prepared by the sprayed LbL method. As a result, a large topological
disorder causing weaker dipole-dipole interaction was revealed for the J-aggregates. Plas-
mon enhancement of the J-aggregates luminescence by gold and silver nanoparticles was
studied. Due to PIC J-aggregates features in spin-assisted LbL films the luminescence
enhancement by gold NPs appeared to be less efficient compared to the J-aggregates in
sprayed LbL films. However, due to the H-band of PIC J-aggregates, the luminescence
enhancement by silver NPs was achieved despite the large spectral distance between the
corresponding plasmon band and J-band.

Keywords: J-aggregate, metal nanoparticle, layer-by-layer assembly, exciton, plasmon,
luminescence.

Ocobausocri ¢GopmyBannsa ncesmoizonianinosux J-arperariB y CIMH-aCCHCTOBAHUX IIO-
mapoBRO 2i0paHWMX ILIIBKAX Ta iX B3a€EMOAid 3 HaHoOYacTHHKamu MetadiB. I.J.I'pawurxina,
I.I.Becnaaosa, CJI.€pimosa, A.B.Coporin

Metogom onrtuumol cmekTpockomil mocaimykeno ocobnmBocti dopmyBanus J-arperaris
IIceBOi30IIiaHiNy y IOIIapoBO 3i6paHmMX IOJIMepHUX NJIiBKaX i3 B3aCTOCYBAHHAM METOLY
HaHeceHHs IeHTpudyryBanusam. [laiBku, orpumani sa momomoroiw metomy LbL 3 nenrpudy-
T'yBaHHAM, BUABUJINCA OiJBII TOBCTHMU Ta OiABbII HeOJHOPIZHMMHN HNOPIBHAHO 3 NJIiBKaMU
LbL, orpumanumu HanmjgeHHaM. B pesynabrari gusa J-arperariB 6ysio BUABIEHO BeJNKUII
TOMOJIOTIUHMI Ges3yam, 10 CIPUUYMHAE CJAAGINy IUMIOJL-TIUIONbHY B3aeMomiro. locmim:xeHo
nJa3MOHHe IIiJcuiieHHA JIOMiHeclieHITiI J-arperaTiB HaHouacTMHKaMU 30JO0Ta Ta cpibia.
Yepes ocobnuBocti J-arperarie PIC y nniBkax LbL 8 nenrpudyryBanusam, migcuieHHs JoMi-
HecreHii sonorumu HY BuaBunoca meHIN edeKTHBHUM IIOPIBHAHO 3 J-arperaraMu B Hamu-
nenux muiBkax LbL. Ogmax saBgsixu H-cmysi J-arperaris PIC 6yno gocsarayro migcusieHHs
aoMinectienIrii cpi6uumu HY, HesBaykaouu Ha BeJUKY CIEKTPAJNbHY BiflcTaHb MisK BigmoBim-
HIUMU IIJa3MOHHOI CMYTOI) Ta J-CMyroro.

© 2022 — STC "Institute for Single Crystals”

1. Introduction

Highly-ordered molecular aggregates,
called J-aggregates, reveal many unique
spectral properties, like narrow bands, near-
resonant luminescence, very short lifetimes,
giant oscillator strength, and others [1, 2].
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This is caused by the delocalization of the
electronic excitations over molecular chains
with the formation of Frenkel-type excitons
[3]. As the molecules within the J-aggre-
gates are coupled non-covalently, one can
affect the spectral properties of J-aggre-
gates by changing their environment [1-3].

Functional materials, 29, 3, 2022



I.I.Grankina et al. / Features of pseudoisocyanine ...

For example, in polymer films, J-aggregates
often reveal much more stability compared
to the aqueous solutions but simultaneously
show quenched luminescence due to interac-
tion with a more rigid environment [4].

One of the ways to enhance the J-aggre-
gate luminescence is the interaction with
localized surface plasmon resonances of
metal nanoparticles [5-9]. Indeed, it is
known that nanoparticles (NP) of noble met-
als show an extraordinary ability to affect
the electromagnetic field on a nanometer
scale [10-16]. They receive their unique op-
tical properties by being able to maintain
the collective oscillations of their electrons
in the conduction band known as localized
surface plasmon resonances. The appearance
of plasmon resonances leads to a significant
increase in the density of the local electro-
magnetic field around the NP, which makes
it possible to influence the optical proper-
ties of luminophores [10-16].

However, to obtain the maximum lumi-
nescence enhancement one needs to place
the luminophore and the metal NPs at the
optimal distance, which is typically up to
20 nm only [5-13]. One of the ways to
achieve such very fine positioning is the
layer-by-layer assembly (LbL) of oppositely
charged polyelectrolytes [5-9, 12, 13]. In-
deed, the LbL allows forming of very thin
polymer multilayer composites with a layer
thickness of about 1.5 nm only [17-19]. As
a result, the LbL approach was successfully
applied for plasmon-enhancement of the J-
aggregate luminescence [4-9].

However, the disadvantage of the classi-
cal method LbL is its considerable duration,
because obtaining each layer requires im-
mersion of the sample in an aqueous solu-
tion containing the necessary components
for at least 30 minutes [4, 17, 20]. Several
ways were proposed to accelerate multi-lay-
ered film preparation by LbL: spraying [21],
rapid agitation of solutions (approximately
1000 rev/min) [22], and spin-assisted LbL
[28, 24]. The first approach requires signifi-
cant consumption of substances and it is
difficult to ensure uniform distribution of
the film on the substrate [21]. The second
way also requires large volumes of solutions
to ensure a uniform laminar flow of the
substance [22]. Therefore, for the rapid for-
mation of polymer films, we decided to test
the spin-assisted layer-by-layer assembly
method [283, 24], which has not yet been
used to form J-aggregates.

In the present work, we have studied
how LbL films formation by spin-assisted
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method influences pseudoisocyanine (PIC) J-
aggregates spectral properties and the effi-
ciency of luminescence enhancement by gold
and silver NPs.

2. Experimental

Pseudoisocyanine (PIC, 1,1’-diethyl-2,2’-
cyanine iodide,) dye, anionic polyelectrolyte
poly(sodium 4-styrenesulfonate) (PSS, aver-
age M, ~ 70000 g/mol, powder), cationic
polyelectrolyte poly(diallyldimethylam-
monium chloride) (PDDA, average M, <
100000 g/mol, solution 85 wt. % in H50,),
tetrachloroauric acid (HAuUCIly, 99.99 %
trace metals basis, 80 wt. % in dilute HCI)
and trisodium citrate dihydrate
(NazCgHz07,—2H,0) were purchased from
Sigma Aldrich (USA) and used as-received.

PIC J-aggregates were prepared by dis-
solving the dye PIC (0.5 mM) in an aqueous
NaCl (0.2 M) solution under moderate heat-
ing (< 80°C). Then the solution was slowly
cooled down to room temperature. Gold and
silver nanoparticles were synthesized using
the well-known Turkevich method according
to previously published procedures [6, 7].
The sprayed method of LbL film preparation
was described in [7]. To prepare polymer
films containing the J-aggregates and metal
NPs by spin-assisted LbL were used centri-
fuge MSC 3000 (Biosan, Latvia) with a
homemade substrate holder. A substrate glass
plate was preliminarily cleaned with hot
(95°C) piranha acid (Hy,SO4 + HyO, = 2:1)
which gives the glass surface of negative
charge. Then, an aqueous polycation PDDA
solution (2 wt. %) was dropped on the sub-
strate mounted in the centrifuge holder and
spread over the whole substrate surface.
Then, the substrate was rotated at
2000 rpm for 3 min forming a thin posi-
tively charged polymer layer. Each layer
deposition was followed by rinsing sprayed
distilled water to remove loosely adsorbed
species. The next layer was formed in the
same way using the water solution of metal
NPs stabilized with citrate anions that
imply the negative charges [6, 7]. A PDDA
layer was deposited on the metal NPs layer
with the successive deposition of a nega-
tively charged polymer layer from an aque-
ous polyanion PSS solution (2 wt. %). As
PIC dye is the cationic one, the J-aggre-
gates layer was deposited on the PSS layer
or directly on the layer containing NPs. To
control the distance between metal NPs and
PIC J-aggregates, the PDDA and PSS layers
were alternated. The J-aggregates layer was
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Fig. 1. Absorption spectra of polymer films deposited by the sprayed (a) and spin-assisted (b) LbL
methods for different numbers of PDDA-PSS bilayers.

coated by PSS one to provide isolation from
surrounding air [7, 9].

Absorption spectra at room temperature
were registered using spectrophotometer
Specord 200 (Analytik Jena, Germany). Lu-
minescence spectra were registered using
spectrofluorimeter Lumina (ThermoScienti-
fic, USA). Luminescence image of the poly-
mer film was obtained using a fluorescent
microscope MIKMED-2 var.11 (LOMO) cou-
pled with a 10 Mp microscope digital cam-
era M3CMOS 10000 (Sigeta, Ukraine). Lu-
minescence was excited at 450—-480 nm and
collected in the 520-700 nm spectral range.
Low-temperature measurements were per-
formed at 80 K using a nitrogen cryostat. In
this case, luminescence and absorption spec-
tra were obtained using a fiber-optic mi-
crospectrometer USB4000 (OceanOptics, USA)
via a homemade fiber-optic adapter attached
to the 20X eyepiece. The spectral output of
the microspectrometer USB4000 was cali-
brated using a calibrated tungsten halogen
lamp HL-2000-CAL (OceanOptics, USA). As
the luminescence excitation source, an emis-
sion at a wavelength of 514 nm of multi-
line Ar-laser Stellar-PRO ML/150 (Modu-
Laser, USA) was used. For the absorption
spectra, an incandescent lamp was used.

3. Results and discussion

First of all, we will determine whether
the spin-assisted LbL method affects the
formation of pure polymer films. It is
known that the main ways of determining
the thickness of polymer films obtained by
the LbL method are atomic force microscopy
(AFM) and high-resolution optical inter-
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Fig. 2. Dependence of film absorption at A =
225 nm on the number of bilayers for sprayed
(1) and spin-assisted (2) LbL methods.

ferometry [17-19]. However, this can be
done using optical absorption techniques
also, since polyelectrolyte PSS has a well-
defined band with a maximum at A = 225 nm
[23, 24]. Thus, we compared the absorption
spectra of PDDA-PSS bilayers deposited on a
quartz substrate, depending on the number of
corresponding bilayers both for sprayed and
spin-assisted LbL methods (Fig. 1).

When comparing the absorption spectra
in the UV range of the spectrum, one can
see the growth of the absorption band with
a maximum at A = 225 nm (Fig. 1). For the
spin-assisted method, the intensity of ab-
sorption is higher compared to the sprayed

Functional materials, 29, 3, 2022
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Fig. 3. Microscopic images of PIC J-aggregates in the spin-assisted LbL film: a) in the transmitted

light, b) luminescent image. Scale bar is 80 pm.

LbL method (Fig. 1). With the uniform se-
quential deposition of the films, we must
obtain a linear dependence of PSS films ab-
sorption intensity at A =225 nm on the
number of the layers [23, 24]. Indeed, for
both film deposition methods, we get such
linear dependence (Fig. 2).

For the sprayed LbL method, the depend-
ence of the film absorption at A = 225 nm
on the number of bilayers is described by a
line passing through zero point and having
a slope of 0.011 (Fig. 2, curve 1). Thus, for
each bilayer, the optical density increases
by 0.011. As the thickness of the bilayer is
approximately 8 nm (each layer of PDDA and
PSS is approximately 1.5 nm [6, 7, 17-19]),
therefore each 1 nm of polymer film thick-
ness gives an optical density of ~ 0.0035.

For the spin-assisted LbL method the de-
pendence of the film absorption at A=
225 nm is also described by a straight line
(Fig. 2, curve 2), but it intersects the Y
axis at the point OD ~ 0.028 (for n = 0) and
its slope is 0.014. This means that, firstly,
the first bilayer of the films is formed too
thick (approximately 12 nm), and secondly,
the thickness of all other bilayers of PDDA-
PSS is approximately 4 nm, i.e. 80 %
thicker compared to sprayed LbL. How will
such features of spin-assisted polymer film
formation affect the PIC J-aggregates spec-
tral properties?

Similar to previously reported results for
PIC J-aggregates in sprayed LbL films [25],
the J-aggregates in spin-assisted LbL films
demonstrate a two-dimensional island-like
morphology (Fig. 3).

In contrast to the microscopic images,
the absorption spectra have shown the dif-
ference between PIC J-aggregates in LbL
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Fig. 4. Absorption spectra of PIC J-aggre-
gates formed in LbL films by sprayed (1) and
spin-assisted (2) methods at room tempera-
ture.

films formed by different methods (Fig. 4).
In the spin-assisted film the J-band (A _ =

max
580 nm), the monomer band (A2 =
551.5 nm) and the H-band (A, 2=

520 nm) are red-shifted compared to ones
(A = 575.5 nm, A9 = 540 nm and AJ

ax

= 508 nm, respectively) in sprayed film
(Fig. 4). The spectral shift for monomer and
excitonic bands has different nature. While
the red shift of the monomer band reflects
the changes in its solvation shell (so-called
solvatochromic effect [26, 27]), the exci-
tonic bands’ shift reflects changing the di-
pole-dipole strength J, which could be
found as [3]:
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LbL films: I — by the sprayed method, 2 — by the spin-assisted method. T = 80 K.

Vinon =V (1)
J= mon J
2.4 7

where v,,,, and v; are maxima of the mono-
mer band and the J-band expressed in cm™1,
respectively. The dipole-dipole strength can
be estimated for PIC J-aggregates in
sprayed LbL film as Jg,. ~ 470 cm™! and in
spin-assisted LbL film as J,, ~ 280 cm™L.
Thus, in the spin-assisted film, the PIC J-
aggregates reveal two-times weaker dipole-
dipole strength.

Also, the J-band in the spin-assisted film
reveals a significant contribution to the
long-wavelength edge (Fig. 4, curve 2). The
latter is a signature of the larger topologi-
cal static disorder [3, 25, 28]. As it is
known, the static disorder, which includes
energy and topological ones, leads to a de-
crease in the exciton coherence length [3,
25, 28], which can be estimated using the
equation:

8- (AVE e an)? 1 (2)
R S

where AVEQF i and Afyy gy full widths at
the half maxima of the monomer band and
J-band, respectively. For the J-band in the
studied films AV{y g = 330 cm™! for both

cases, so taking into account AVHYE ., =

990 cm~! [25] the exciton coherence lengths
are N.,, ~ 15. The similarity of the exciton
coherence length means that the energy dis-
order, which makes the main contribution
to the J-band width, is the same for the
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J-aggregates in both types of films. Thus,
the topological disorder manifests itself
mainly in the growth of the long-wave-
length tail of the J-band. A possible reason
for its increase can be weakening the
strength of the dipole-dipole interaction in
the J-aggregates formed in spin-assisted
films.

The growth of the topological disorder
can lead to increasing the exciton-phonon
interaction and the efficiency of the exciton
self-trapping in J-aggregates [25, 28]. In-
deed, at low temperature (7T = 80 K) one
can see (Fig. 5b, curve 2) that in the spin-
assisted film the long-wavelength lumines-
cence band (AST. = 635 nm) of PIC J-aggre-

max
gates, which corresponds to the emission of
self-trapped excitons, is much higher in in-
tensity than the free-exciton band (ALE =
580 nm).
Additionally, the Fig. 5a shown that the
red-shift for the absorption bands (A _ =

max
579.5 nm, A% =558 nm and A =

509 nm) of the J-aggregates in spin-assisted

film compared to those (AJ =571 nm,
Ampon — 537 nm  and AL =497 nm) in

sprayed films is larger than at room tem-
perature (Fig. 4). According to Eq. 1, we
can estimate the dipole-dipole strength for
PIC J-aggregates in sprayed LbL film as
Jgpr ~ 460 cm™! and in spin-assisted LbL
film as J,, ~ 345 cm™!. Comparing with the
results obtained at room temperature (J,, ~
470 cm™! and J,, ~ 230 cm™ 1, respectivell]y),
we can conclude that the dipole-dipole
strengths are nearly the same for the J-ag-
gregates formed in LbL film by sprayed

Functional materials, 29, 3, 2022
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method at the different temperatures, while
in spin-coated films the strength is larger
at low temperature. Thus, the stronger red-
shift found for PIC J-aggregates’ bands in
spin-assisted films (Fig. 5a, curve 2) can be
associated primarily with the red-shift of
the monomer band. One of the possible rea-
sons for various spectral positions of the
PIC monomer bands in different films de-
pending on the temperature is stronger in-
homogeneity in spin-assisted films com-
pared with films formed by sprayed method
[26, 29]. We can assume, that such inhomo-
geneity leads to larger topological disorder
found for PIC J-aggregates formed in spin-
assisted LbL films.

Understanding the exciton properties of
PIC J-aggregates formed in spin-assisted
LbL films we can analyze the plasmon en-
hancement of the J-aggregate luminescence
by metal nanoparticles. Similarly to pre-
viously reported studies [7], the gold NPs

have an average size of 20 nm and the

. . Au
maximum of their plasmon resonance (A,

= 530 nm) is located at a small spectral dis-
tance from the J-band of PIC aggregates

(A . = 580 nm), as shown in Fig. 6. More-

max
over, due to its spectral width, the plasmon
resonance band of gold NPs shows a good
intersection with all bands, which are char-
acteristic for PIC J-aggregates, both exciton
and monomeric ones (Fig. 6). This deter-
mines the effectiveness of exciton-plasmon
interaction in this system [7].

As previously [7], to control the distance
between the gold NPs and the J-aggregates,
they were introduced into the LbL film in
the form of layers separated by a given
number of polymer layers. As a result, the
luminescence intensity of PIC J-aggregates
depends on the distance to the gold NPs
(Fig. 7a).

As expected, at a close distance to the
NPs, the J-aggregates luminescence was
quenched due to the nonradiative energy
transfer to the NPs [12, 30, 31]. As the dis-
tance increases to a certain value, the J-ag-
gregates luminescence intensity increases
compared to that in films without NPs
(Fig. 7a). At the optimal distance (4 bilay-
ers between J-aggregates and NPs, ~ 16 nm)
the coefficient of plasmon enhancement of
PIC J-aggregates luminescence is ~ 5. Fur-
ther distance increase leads to gradual lumi-
nescence decreasing to the values charac-
teristic of films in the absence of NPs (Fig.
7a). Note that the luminescence enhance-
ment coefficient is lower than that (~ 8) ob-
tained in LbL films formed by the sprayed
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Fig. 6. Normalized absorption spectra of PIC
J-aggregates (1), silver NPs (2) and gold NPs
(3) in the spin-assisted LbL film at room tem-
perature.

method [7]. We can assign such a result to
the larger topological disorder in spin-as-
sisted films. Except for the obvious exciton
localization, it causes weaker dipole-dipole
interaction resulting in a redshift of the
excitonic bands. An additional reason can be
the red-shift of the PIC monomer band in
the spin-assisted LbL film. In the recent
experiments concerning plasmon enhance-
ment of TDBC J-aggregate luminescence by
gold NPs, we have found an unexpectedly
low enhancement coefficient ~ 2.8 [82]. As
one of the reasons for such a result, a small
intersection of plasmon and exciton bands
was supposed [32]. As in the spin-assisted
LbL films, PIC J-aggregates bands are red-
shifted the cross-section of plasmon and ex-
citon bands becomes smaller leading to de-
creasing luminescence enhancement coeffi-
cient according to the theoretical model
proposed in [7]. To prove it, specially de-
signed metal NPs are needed with the plas-
mon band spectral position much better co-
inciding with the J-aggregates exciton
bands.

Some argumentation to the model can be
added if we examine the exciton-plasmon
interaction of PIC J-aggregates with silver
NPs. Indeed, it is known that the effective-
ness of plasmon enhancement of lumines-
cence depends on both the size of metal NPs
and their composition [10-16]. Therefore,
silver NPs with a size of 50-70 nm are
more efficient than gold NPs with a size of
15-20 nm [10-16]. On other hand, the
maximum of the plasmon resonance for sil-
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Fig. 7. Dependence of PIC J-aggregates luminescence on the number of PDDA-PSS bilayers between
them and gold (a) and silver (b) nanoparticles. For comparison, films without NPs are also shown.

ver NPs with a size of 50 nm ?»ﬁgax=

435 nm [6] is located at a significant spec-
tral distance from the J-band of PIC J-ag-
gregates (Fig. 6). However, PIC J-aggre-
gates possesses more complicated exciton
structure [1, 2, 7, 9, 25] compared to TDBC
J-aggregates [32, 33] and their H-band re-
veal spectral cross-section with plasmon
band of silver NPs (Fig. 6). Therefore inter-
esting, if it is sufficient condition for plas-
mon enhancement of PIC J-aggregates’ lu-
minescence by silver NPs?

Despite the much smaller spectral cross-
section of the plasmon band of silver NPs
and H-band of PIC J-aggregates, there is
also a change in the luminescence intensity
of PIC J-aggregates depending on the layer
thickness between the layers of the J-aggre-
gates and the NPs (Fig. 7b). The optimal
distance for luminescence enhancement (4
bilayers between J-aggregates and NP, ~
16 nm) was the same as for the system with
gold NP. However, the coefficient of plas-
mon enhancement of the J-aggregate lumi-
nescence is ~ 3, i.e. less than in the case of
gold NPs but similar to that in the case of
TDBC J-aggregates and gold NPs. Thus,
due to the peculiarity of PIC J-aggregates
exciton structure revealing both H- and J-
bands the exciton-plasmon interaction can
be realized even in the case of a large spec-
tral distance between the J-band and plas-
mon band of metal NPs.

4. Conclusions

The features of PIC J-aggregates spectral
properties and interaction with metal
nanoparticles in spin-assisted layer-by-layer
assembled polymer films were studied using
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optical spectroscopy. It was found that spin-
assisted LbL films appeared to be thicker
and more inhomogeneous compared with
LbL films prepared by the sprayed method.
As a result, PIC J-aggregates formed in the
spin-assisted LbL films reveal stronger
topological disorder and, hence, weaker di-
pole-dipole interaction strength. Thus, de-
spite the fast speed and low materials con-
sumption, spin-assisted method of LbL film
preparation cannot be considered suitable

for J-aggregates formation.
The plasmon enhancement coefficient of

PIC J-aggregates luminescence by gold
nanoparticles in spin-assisted LbL films was
estimated as ~ 5, which is less than that in
sprayed LbL film (~ 8) due to the red-shifts
of the monomer and excitonic bands as well
as a large topological disorder in the J-ag-
gregates. However, due to the specific exci-
ton structure of PIC J-aggregates revealing
both H- and J-bands relatively effective ex-
citon-plasmon interaction with the lumines-
cence enhancement coefficient ~ 8 was
found for silver NPs, despite the large spec-
tral distance between its plasmon band and
the J-band. Therefore, we can conclude the
high importance of the exciton and plasmon
bands cross-sections to achieve effective ex-

citon-plasmon interaction.
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