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have recently emerged as the promising 
building block for different applications. 
Among the huge class of metal–organic 
compounds, phthalocyanines attract 
much attention in science since their first 
synthesis in 1907[1] to nowadays and are 
widely used in the industry as pigments 
and drugs for photodynamic treatment of 
cancer.[2] Phthalocyanines constitute a very 
rich family of compounds enabling coordi-
nation with more than 70 elements of the 
periodic table in their central coordination 
site alongside with numerous possible 
substituents at the periphery. Possessing 
an 18 π-electron conjugation system in 
their neutral redox state, phthalocyanines 
demonstrate remarkable optical properties 
which are extensively studied for potential 
applications in organic and hybrid photo-
voltaics (PV), optical memory devices,[3] 
photodynamic therapy (PDT), and fluores-
cence diagnostics of cancer,[4] optical gas 
sensors,[5,6] and field-effect transistors,[7,8] 

photocatalysis,[9,10] and light-harvesting elements in artificial 
photosynthetic systems.[11,12] At the same time, radical forms 
of phthalocyanines are of great interest for organic magnetism 
and molecular spintronics.[13] In this respect, phthalocyanine 

Plasmonic enhancement of absorption in charge-transfer (CT) complexes formed 
under NO2 gas adsorption onto 2D hybrid structure, based on the metal–
organic monolayer and gold nanoparticles (AuNPs), is demonstrated. By using 
Langmuir–Blodgett deposition of low-symmetry zinc phthalocyanine (ZnPc) 
molecules, the metal–organic monolayer is fabricated with greatly suppressed 
intermolecular aggregation. Oxidation of the monolayer through coordination of 
NO2 molecules with axial zinc ions of ZnPc molecules gives rise to the specific 
absorption band inherited to cation radical ZnPc+. The hybrid AuNPs–ZnPc 
structure is engineered to maximize exciton–plasmon interaction of CT com-
plexes at the radical form of the metal–organic monolayer. Excellent spectral and 
spatial overlaps with plasmon resonance boost absorption of CT internal optical 
transition, so-called “fingerprint” band, by a factor of six from 0.45% to 2.8% in 
total. The approach paves the way for efficient plasmonic control over photo-
chemical reactions promoted by charge-transfer complexes in metal–organic 
films. In particular, the plasmonic effect is harnessed to improve NO2 gas 
sensing properties; the experimental study shows a 15-fold increase of the detec-
tion efficiency in the specific band of CT complexes under the gas exposure.
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1. Introduction

Owing to their unique physical and chemical properties, 2D 
organic materials with large π-conjugated electronic system 
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monolayers in their radical forms can be utilised for building 
2D arrays of single-molecule magnets.[13–16]

Besides the aforementioned traditional applications of phth-
alocyanine compounds, there are new fields recently emerged 
with a promise for advanced optoelectronic devices based on 
principles of strong light-matter interaction[17,18] and topological 
physics.[19] It is worth noting very recent reports on the substantial 
improvement in performances of optoelectronic devices based 
on interfaced monolayers of transition-metal dichalcogenides 
(TMDC) and metal-phthalocyanines. Such 2D inorganic–organic 
semiconductor heterostructures were shown to favor effective 
charge separation following exciton formation under optical 
excitation of TMDC monolayer or phthalocyanine molecules 
depending on the interplay between energy levels.[20–23] In 
particular, zinc phthalocyanine molecules being coupled to atom-
ically thin MoS2 exhibit type-II band alignment at the interface 
allowing for ultrafast electron transfer from zinc phthalocyanine 
to MoS2

[23] while the reverse charge transfer is possible if it cou-
ples to WSe2 with the higher-lying conductance band.[21]

Monolayers of metal phthalocyanines offer the unique mate-
rial platform for many fascinating applications, but its low 
optical density severely limits their potential. The coupling of 
phthalocyanines with metal nanostructures exhibiting strong 
plasmonic resonance is a well proven strategy to clear the 
hurdle. In our previous work, we showed significant increase 
and spectral extension of light absorption in phthalocyanine 
molecules adjacent to gold particles.[24] Such hybrid systems 
based on metal-phthalocyanines and gold nanoparticles are very 
attractive objects as they encompass unique constellation of 
plasmonic and excitonic properties alongside with rich photo
chemistry of metal–organics. Being a promising model platform 
to study plethora of plasmon-assisted phenomena, this type of 
nanostructures have already demonstrated significant increase 
in the quantum yield of singlet oxygen generation,[25–27] cyto-
toxic agent for photodynamic therapy (PDT) of cancer cells, and 
highly reacting agent triggering variety of chemical reactions.[28] 
One may anticipate a range of plasmon-enhanced photoin-
duced processes out of such hybrid systems, namely nonlinear 
optical response,[29–33] photocurrent generation,[33–35] fluores-
cence,[36–38] SERS,[39,40] and other related phenomena.

In this study, we have designed and fabricated 2D hybrid 
structure based on the low-symmetry zinc phthalocyanine 
(ZnPc) monolayer and gold nanoparticles (AuNPs) using 
simple and scalable Langmuir–Blodgett deposition method. 
We study optical absorption of ZnPc monolayer in its neu-
tral and cation radical forms following coordination with NO2 
molecules under the gas exposure. Our in-depth analysis 
reveals plasmonic effects promoting light absorption of specific 
internal optical transition, also known as a “fingerprint” band, 
which in turn significantly modifies absorption spectrum of the 
monolayer in the radical form. We scrutinize NO2 detection 
response at the mixed exciton–plasmon absorption band and 
quantify the impact of the main contributions.

2. Results and Discussion

To form the densely packed monolayer of gold nanoparticles, 
we implement in situ control of both: its surface pressure and 
absorption spectra. Figure  1a shows pressure-area isotherm of 

AuNPs monolayer on the subphase, where the transition from 
so-called gaseous phase of the Langmuir monolayer to the solid 
one appears when subphase area (SA) reaches 275 cm2. With fur-
ther squeezing barriers, we observe a collapse of the monolayer 
at the surface pressure of ≈17 mN/m (SA ≈ 225 cm2) which is 
consistent with previous studies.[47,48] Similarly, we identify the 
collapse point from absorption spectra of the Langmuir AuNPs 
monolayer measured in situ at different subphase area and pres-
sure as shown in Figure  1b The absorption band centered at 
≈530  nm corresponds to localized surface plasmon (LSP) reso-
nance in gold nanoparticles. Our spectral analysis indicates linear 
dependence of optical density on the SA above 190 cm2. Figure 1c 
shows the spectral maxima as the function of area demonstrating 
a similar trend within the region >190 cm2. However, the mon-
olayer breaks down to inhomogeneous multilayer structure fol-
lowed by changing the slope below this value. It is worth noting 
that LSP resonance peak position of the AuNP Langmuir mono
layer undergoes spectral redshift during compression which is 
the consequence of decreasing the interparticle distance. Unlike 
the magnitude of absorption and LSP resonance peak position, 
the form of spectra remains the same regardless of the area 
(Figure  1b). Thus, we define surface pressure of 15 mN m−1 is 
optimal to transfer densely packed AuNPs monolayer onto the 
substrate. In order to decrease the influence of the thiol shell on 
the interaction with ZnPc molecules, we anneal the monolayer 
film of AuNPs at 230 °C during 1 h as shown schematically in 
Figure 1d The sintering of the film results in desorption of thiol 
shells followed by agglomeration to larger particles that can be 
witnessed through the LSP-band narrowing in Figure 1e and via 
direct analysis of scanning electron microscopy (SEM) image 
of the AuNPs monolayer structure (Figure  1f). Histograms in 
Figure  1g,h demonstrate interparticle first neighbor distance 
and particle size distributions in the sintered AuNPs monolayer 
structure, respectively. According to statistical analysis of the SEM 
image, the average interparticle distance and particle diameter are 
of 18.6 nm (standard deviation σ = 7.12 nm) and 5.7 nm (standard 
deviation σ = 3.62 nm), respectively. A cross-section of the AuNPs 
SEM image is presented in Section S2b, Supporting Information.

The low-symmetry zinc phthalocyanine complex used in 
the study does not exhibit distinct transition from gas to the 
liquid phase in terms of pressure-area isotherm of the Lang-
muir ZnPc monolayer. However, Figure  2a shows 2D solid 
phase appearing below 160 cm2 alongside the change in optical 
density of the Langmuir ZnPc monolayer. In turn, the optimal 
surface pressure to transfer ZnPc monolayer is defined at  
30 mN m−1. We transfer the Langmuir ZnPc monolayer on top of 
the AuNPs monolayer structure and on the bare glass substrate 
as the reference for further analysis. Figure 2b shows absorption 
spectra of both AuNPs-ZnPc and glass-ZnPc monolayer struc-
tures. The bare glass-ZnPc monolayer exhibits the main peak 
at 685 nm originated from the Q-band of ZnPc monomers and 
the secondary maximum at 620 nm which is related to the small 
fraction of H-type aggregates, inevitably present in the amount 
of ≈10%. In contrast to glass-ZnPc, AuNPs–ZnPc monolayer 
structure exhibits two well-defined maxima at ≈530 and ≈685 nm 
attributed with LSP-band and Q-band absorption, respectively.

It is worth noting significant spectral detuning between the 
Q-band of ZnPc and LSP-band of gold nanoparticles in the 
AuNPs–ZnPc monolayer structure. Therefore, it is very unlikely 
the system is capable to support strong exciton–plasmon  
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interaction regime in its neutral form. Indeed, resonant fre-
quencies of both exciton and plasmon bands change slightly 
upon interaction. In Figure  3a, we compare the experimental 
absorption spectra of hybrid AuNPs–ZnPc structure with the 
bare AuNPs and ZnPc monolayers and their superposition. 
There is a measurable increase in absorption of exciton and 
plasmon bands across the whole spectrum range from 500 to 
700 nm. To shed light on the mechanisms of the spectral fea-
tures observed, we performed FDTD numerical simulations 
of the absorption spectra. Figure  3b demonstrates results of 
simulations, where the uniformly-distributed 9  nm gold nan-
oparticles with the period of 13  nm and 2.5  nm ZnPc mono
layer on a SiO2 substrate have been employed to model bare 
AuNPs and ZnPc monolayer structures, respectively. These 

parameters correspond to the best-fit result. A deviation from 
maxima of the distributions in Figure  1g,h reflects a slight 
non-uniformity of the sample. The thickness of the ZnPc 
monolayer of 2.5 nm was defined experimentally from atomic 
force microscopy (AFM) study of the bare ZnPc monolayer on 
a glass substrate (see Figure S2, Supporting Information). To 
model the hybrid AuNPs–ZnPc structure, we combine both 
monolayers together on the single SiO2 substrate according 
to schematic in Figure 3b. Our numerical simulations meet a 
remarkable agreement with the experimental spectra. Indeed, 
considering the bare monolayers, one can see the exact match 
with experimental data in the exciton Q-band absorption of 
ZnPc molecules located at 685 nm and quantitative agreement 
in the LSP-band of AuNPs with the optical density of 0.068 at 

Figure 1.  Formation of the AuNPs monolayer. a) Pressure–area isotherm of the Langmuir AuNPs monolayer. b) Absorption spectra of the Langmuir AuNPs 
monolayer recorded in situ during compression (black – 5 mN m−1 (242 cm2), purple – 10 mN m−1 (228 cm2), blue – 15 mN m−1 (219 cm2), dark green –  
20 mN m−1 (204 cm2), light green – 25 mN m−1 (188 cm2), orange – 30 mN m−1 (177 cm2), red – 35 mN m−1 (168 cm2)). c) Optical density and spectral position 
of absorption peak of the Langmuir AuNPs monolayer as a function of subphase area. d) Scheme of the AuNPs monolayer deposited on a glass substrate 
before and after sintering process. e) Absorption spectra of the AuNPs monolayer deposited on a glass substrate before (red) and after (black) sintering (red). 
f) SEM image of the sintered AuNPs monolayer. g,h) Statistical histograms of the interparticle first neighbor distance and particles diameter in the sintered 
AuNPs monolayer structure, respectively. Green dots are the best-fit results of interparticle distance (a) and nanoparticle size (b) used in FDTD simulations.
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517  nm. The only discrepancy between experimental data and 
model results is visible in the width of LSP resonance, which 
is slightly narrowed in our simulations. Apparently, the effect 
comes from a dispersion in the particle size and interparticle 
distance shown in Figure 1e,f Note, our model does not take it 
into account, but deals with the mean values instead.

We would like to highlight an importance of the simulation 
for understanding non-additive spectral features of the hybrid 
AuNPs–ZnPc structure. Within the picture of weak exciton-
plasmon interaction, there are two primary effects behind the 
increase of optical density: plasmonic enhancement of absorp-
tion in ZnPc molecules nearby gold nanoparticles[24] and LSP 
resonance amplification due to the high refractive index of sur-
rounding ZnPc monolayer. To discriminate between these contri-
butions and extract pure enhancement factor of ZnPc absorption 
in the hybrid structure, we calculate E-field distribution acting on 
the molecules and integrate over the whole ZnPc layer. As the 
result, we get a spectrum of the integrated intensity |E|2 enhance-
ment demonstrating up to sixfold increase in the peak of LSP 
resonance and almost three times enhancement at the maximum 

of excitonic Q-band transition shown in Figure 4a. The near field 
acts on the ZnPc molecules thus shaping their effective absorp-
tion spectrum. Figure  4b shows ZnPc absorption in the hybrid 
and bare monolayer structures. By subtracting the part absorbed 
in the ZnPc monolayer from the spectrum of the hybrid struc-
ture as a whole, we extract the amplification factor of the LSP 
resonance equals 1.5 times. The quantitative analysis of both con-
tributions is given in Section S8, Supporting Information.

Importantly, the spectral absorption patterns of the AuNPs–
ZnPc hybrid structure and the sum of its components are in 
excellent agreement indicating that the mechanism of spectral 
changes in the hybrid system is most likely of a purely electro-
magnetic nature without the contribution of chemical and/or 
photochemical effects. In contrast, the interaction of ZnPc with 
nitrogen dioxide exhibits a redox character: a charge-transfer 
(CT) complex [ZnPc]+•–[NO2]− is formed, in which ZnPc is pre-
sent in its one-electron oxidized cation-radical form.[49–51] This 
CT complex is presumably formed during the coordination of 
the NO2 molecule at the zinc atom in ZnPc.[52–55] The transi-
tion of ZnPc to [ZnPc]+• in the complex with nitrogen dioxide 

Figure 3.  Understanding the spectral features. a) Absorption spectra of the hybrid AuNPs–ZnPc structure (black), the bare ZnPc (blue), and AuNPs 
(red) monolayer, and the sum of the bare monolayers (purple). b) Numerical simulations of absorption spectra of the hybrid AuNPs–ZnPc structure 
(black), the bare ZnPc (blue), and AuNPs (red) monolayer, and the sum of the bare monolayers (purple) (inset – scheme of the unit cell of the simu-
lated structure).

Figure 2.  ZnPc deposition on a glass substrate and on top of the AuNPs monolayer. a) Isotherm graph of ZnPc on water subphase (inset – absorption 
spectrum reordered in situ at 30 mN m−1). b) Absorption spectra of the hybrid AuNPs–ZnPc structure (black) and the bare ZnPc monolayer on a glass 
substrate multiplied by 10 (blue).
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leads to the quenching of the initial Q-band absorption and the 
appearance of the so-called “fingerprint” band in the region of 
≈520  nm (see Figure S5, Supporting Information), associated 
with the single-electron excitations from low-lying doubly occu-
pied orbitals 5eg, 6eg (HOMO–n) toward the half-empty 2a1u 
orbital (SOMO).[49] We also managed to observe the appearance 
of this band under the action of NO2 on a bare monolayer of 
the ZnPc studied herein (Figure  5a). Our quantum-chemical 
calculations based on density-functional theory (DFT) confirm 
the origin of the band appeared at ≈520  nm and assign it to 
the internal optical transition being the hallmark of the CT-
complex formation. Figure 5b indicates simplified energy level 
diagram and configurations of molecular orbitals related to 
the dominant optical transitions of [ZnPc]+•–[NO2]– CT com-
plex. Notably, the CT-complex formation process is reversible 
(see Sections S5 and S6, Supporting Information). Desorption 
of NO2 can be achieved by a gentle heating (60 °C) without 
affecting intermolecular arrangement of the monolayer.[44]

There is one unique feature that we exploited engineering 
our hybrid structure – the frequency of the “fingerprint” band 
perfectly matches LSP resonance frequency. In a few lines 

below, we provide details regarding essential role of the spec-
tral overlap in plasmon-enhanced NO2 detection. Figure  6a 
shows the response of the hybrid AuNPs–ZnPc structure to 
NO2 exposure (300s) under the same conditions utilised for the 
bare ZnPc monolayer in Figure 5a We observe almost complete 
quenching of the Q-band absorption at 685 nm and significant 
change at LSP-band accompanied with 13  nm red shift of its 
resonance. To compare the response of the bare ZnPc mono
layer with its hybrid exciton–plasmon counterpart, we plot dif-
ferential spectra ΔA calculated as the absorption difference of 
the structure before and after NO2 exposure (300s), Figure  6b 
shows the result. We observe increase of the response by a 
factor of 3.5 at the Q-band absorption and 15-fold increase at 
the coupled “fingerprint”-LSP band. It is worth to mention the 
absorption change depends on the exposure time, for details see 
Section S7, Supporting Information. To gain more insight into 
origins of the large enhancement at this specific band, we have 
simulated the spectra using modified complex permittivity of 
ZnPc+-NO2

− layer which we derived from experimental data by 
means of Kramers–Kronig analysis using absorption spectrum 
of the bare ZnPc monolayer under NO2 exposure (for details see 

Figure 4.  Effective absorption spectrum of ZnPc monolayer in the hybrid structure. a) Absorption enhancement factor of ZnPc molecules in the hybrid 
AuNPs structure as a function of wavelength. Inset – spatial distribution of E-field |E| in the hybrid structure, black lines represent contours of AuNP 
and ZnPc layers. b) Effective spectra of ZnPc monolayer in the hybrid structure (red) and absorption spectrum of the bare ZnPc monolayer (blue).

Figure 5.  Photochemistry of ZnPc–NO2 interaction. a) Absorption spectra of the bare ZnPc monolayer before (black) and after (red) 300s NO2 
exposure. Green and blue arrows indicate increase of CT and quenching of Q-band absorption, respectively. b) Energy diagram and configurations of 
HOMO–n, HOMO, SOMO, and LUMO molecular orbitals, and corresponding transitions calculated using density-functional theory (DFT).
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Optical constants of the bare ZnPc monolayer”, in Supporting 
Information). Figure 6c,d reveals excellent agreement of model 
results with experimental data. Notably, we observe the differ-
ential spectrum of the hybrid structure under NO2 exposure 
exhibits the same antisymmetric s-shaped resonance with nega-
tive and positive extrema at 510 and 580 nm, respectively.

We consider two reasons giving rise for the asymmetric 
resonance at the coupled “fingerprint”-LSP band, namely 

plasmon-assisted light absorption of CT complexes via the 
HOMO–n → LUMO optical transitions and a redshift of LSP res-
onance upon altering dielectric function of the surrounding.[56] 
According to the E-field calculation depicted in Figure  4a, we 
anticipate strong absorption enhancement in the “fingerprint” 
band; however, one should take into account modified permit-
tivity of the ZnPc layer under NO2 exposure. In Figure 7a, we 
superimpose integrated spectra of intensity |E|2 enhancement 

Figure 6.  Plasmonic enhancement of NO2 detection. a) Absorption spectra of the hybrid AuNPs–ZnPc monolayer before (red) and after (black) 300s 
NO2 exposure. b) Differential absorption spectra ΔA of the bare ZnPc monolayer (red) and the hybrid AuNPs–ZnPc structure (black). c) Numerical 
simulations of absorption spectra of the hybrid AuNPs–ZnPc structure before (red) and after (black) NO2 exposure. d) Numerical simulations of dif-
ferential absorption spectra ΔA of the bare ZnPc monolayer (red) and the hybrid AuNPs–ZnPc structure (black).

Figure 7.  Coupled “fingerprint”-LSP absorption band promotes the internal optical transition of CT complexes. a) Absorption enhancement factor of 
ZnPc molecules in the hybrid AuNPs–ZnPc structure in the absence of NO2 (black) and under NO2 exposure (red). Inset – spatial distribution of E-field 
|E| in the hybrid structure under NO2 exposure, black lines represent contours of AuNP and ZnPc layers). b) Effective absorption spectrum of ZnPc in 
the hybrid structure (red) and the bare ZnPc monolayer (blue) under NO2 exposure.
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factor calculated for two cases: with NO2 molecules attached 
and without it. It turns out NO2 coordination to ZnPc molecules 
does not influence LSP mode distribution significantly, unlike 
the electronic configuration of molecular orbitals. Therefore, 
concentrated electric field of LSP mode boosts light absorp-
tion of ZnPc+-NO2

− complexes at the “fingerprint” band. Stem-
ming on this result, we have calculated the effective absorption 
spectrum of CT complexes shown in Figure 7b. Apart from the 
great absorption enhancement by a factor of six, we would like 
to emphasize the qualitative difference in absorption of CT 
complexes modified by LSP modes comparing the initial one. 
Instead of strong maxima at 685 nm, it gives rise to the double 
peak spectrum with the main one located at 535 nm.

Last but not the least, we examined contribution of the red-
shift of LSP resonance into the overall “fingerprint”-LSP band. 
Since the marginal effect of NO2 on the LSP mode distribu-
tion and its oscillator strength, we resume the redshift of about 
2 nm plays a secondary role in the shape of differential spectra; 
it exclusively relates to the minimum at the asymmetric 
s-shaped resonance. Therefore, plasmon enhanced absorption 
of CT complexes is the main contribution to the “fingerprint”-
LSP band and underlying mechanisms for the improved NO2 
gas sensing properties.

3. Conclusion

The developed fabrication technique is simple and can be easily 
scaled for different substrate areas and forms enabling crea-
tion of functional hybrid AuNP–ZnPc monolayer coatings with 
weak intermolecular interaction. The monomer-like character 
of the ZnPc monolayer should benefit overall photochemical 
activity of the structure by means of two aspects at least: 1) 
plasmon-enhanced absorption, 2) suppressed molecular aggre-
gation. Our study reports substantial increase in absorption 
of the ZnPc monolayer promoted by LSP resonance; one can 
utilize it for various optoelectronic applications, particularly, in 
2D semiconductor hybrid inorganic–organic heterostructures. 
The CT-complex formation has been shown under oxidation of 
ZnPc monolayer with NO2 molecules in a gas phase. It results 
in the appearance of an unpaired electron at SOMO giving rise 
for the new band at 520 nm coupled to LSP resonance in hybrid 
AuNP–CT monolayer structure. We experimentally demon-
strate the exciton–plasmon interaction greatly facilitating sensi-
tivity of ZnPc monolayer to NO2 gas detection by a factor of 15 at  
the mixed “fingerprint”-LSP absorption band which serves as 
the distinct feature of CT-complex formation. This principle can 
be straightforwardly extrapolated for the entire class of strong 
electron–donor/acceptor toxic analyte molecules like NO2, NO, 
CO2, CO, NH3, and more, and even for lethal agents as dimethyl 
methylphosphonate (DMMP) and sarin.[57] We scrutinized light 
absorption mechanisms in the hybrid AuNP–CT monolayer 
and found out the sixfold increase in efficiency of the internal 
optical transition from nondegenerate low-lying doubly occu-
pied orbitals toward degenerate half-empty orbital that can be 
exploited for ultrafast control over the SOMO–LUMO transi-
tion and possibly for switching an electronic configuration of 
SOMO via breaking its degeneracy. As there is only one elec-
tron at SOMO, a paramagnetic response from CT complexes 

can be anticipated. Therefore, the stable monomer-like ZnPc 
radical coupled to LSP resonance of gold particles is a prom-
ising system for further fundamental study of molecular mag-
netism with the prospect for organic spintronics. In the view of 
similarities in physicochemical properties of metal-substituted 
phthalocyanine compounds, we believe the developed prin-
ciples can be easily extended to the entire family of phthalo-
cyanines bearing different axial ligands with the promise for 
advanced and cost-effective metal-organic nanostructures with 
enhanced catalytic, sensing, optical, and magnetic properties.

4. Experimental Section
Materials: AuNPs of 2 nm diameter covered with dodecanethiol were 

purchased from PlasmaChem GmbH, Germany. Asymmetric ZnPc was 
synthesized according to the method described in ref. [41]. The structure 
of ZnPc and its UV–vis absorption spectra are presented in Figure S1, 
Supporting Information.

Langmuir–Blodgett (LB) Monolayer Preparation and Spectroscopy: A LB 
monolayer of AuNPs was prepared using KSV minithrough. A Wilhelmy 
plate was used for surface pressure control. Ultrapure water with a resistivity 
of ≈18 MΩ × cm was used as a subphase. The subphase temperature 
was regulated at 20 °C using a Julabo CD200F. 500  µL of AuNPs in 
chloroform (concentration of 1 mg mL−1) was spread uniformly onto the 
subphase surface for isotherm measurements. After solvent evaporation 
(≈15 min), isotherm measurements were performed together with UV–vis 
spectroscopy of the monolayer. Absorption spectra were measured using 
a portable Ocean Optics HR4000 spectrometer, a fibre optical reflection/
backscatter probe and a silver mirror, according to the method discussed 
in ref. [42]. Hydrophilic glass (20 × 20 × (0.14 ÷ 0.17)mm3) was used as 
a substrate for monolayer transfer. Substrate purification was executed 
through boiling in methanol solution for 20 min. Then, in order to provide 
the hydrophilic surface of the substrate, it was boiled in a mixture of 
hydrogen peroxide and ammonia solution (volume ratio 1:1) for 10 min. 
All the prepared substrates were stored in ultrapure water (resistivity of 
≈18 MΩ × cm) before the deposition procedure. The substrate was dipped 
in the subphase before the transfer process for Z-type film deposition. 
A 15 ± 0.3 mN m−1 surface pressure (surface pressure that corresponds 
to a linear region of the isotherm curve) and a barrier constant speed of 
5 mm min−1 were maintained during monolayer deposition. The transfer 
speed was held constant (5 mm min−1) and the transfer ratio was equal 
to 1 ± 0.3. After AuNPs deposition, sample was sintered at 230 °C during 
1 h in order to desorb organic shell from nanoparticles.[43] The details on 
ZnPc monolayer transfer onto the substrates are described in Section S1b, 
Supporting Information.

Gas Testing Experiment: The sensing properties of the monolayers were 
tested using a purpose build setup, consisting of the gas chamber made 
of polytetrafluoroethylene and spectroscopy equipment (Ocean Optics 
HR 4000 spectrometer, HL-2000 light source, P600-2-UV–vis optical 
fibres and 74-UV collimating lenses). The optical transmittance of the 
samples was measured during the gas exposure. In the experiment, a 
mixture of nitrogen dioxide with pure nitrogen (N2) with a concentration 
of 100  ppm, was used. The study of the recovery of the samples was 
carried out by heating to 60 °C using Peltier element.

Solution and Thin Film Spectroscopy: All solvents were of reagent-grade 
quality and were obtained directly from Aldrich. UV–vis spectroscopy of 
thin films deposited onto glass substrates was carried out using Ocean 
Optics HR400 spectrometer, HL-2000 light source, optical fibres (Ocean 
Optics P600-2-UV-VIS), and collimating lenses (Ocean Optics 74-UV).

Scanning Electron Microscopy (SEM): The morphology of the prepared 
samples was characterized by means of high-resolution field-emission 
scanning electron microscope (JEOL JSM-7200F). The SE (secondary 
electron) detector was used to analyze gold nanoparticles distribution at 
the hydrophilic glass surface.

FDTD Simulation: Theoretical verification of the enhanced absorption 
and gas sensing properties was made using FDTD simulation method. 
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In order to simplify calculations, the array of AuNPs with random 
distribution was replaced by periodic structure of AuNPs. Bloch 
boundary conditions were applied on the sides of the unit cell for 
simulation of an infinite array. Normally incident linearly polarized plane 
wave of 400–900 nm wavelengths was utilized for excitation.

Quantum-Chemical Calculations (DFT): Quantum chemical calculations 
were performed using density functional theory (DFT) and GAMESS-US 
Software[45] to optimize the structures of cation radical charge-transfer 
complexes of NO2 with low-symmetry zinc phthalocyanine. The hybrid, 
27% HF exchange, DFT meta-GGA M06 functional,[46] and 6–31+G* 
basis set were utilized for this purpose. The vibrational analysis was 
performed to confirm whether the optimized geometries correspond to 
local minima without imaginary frequencies. Tert-butyl substituents were 
replaced with hydrogen atoms to reduce the calculation time. A Linux/
Intel cluster (www.jscc.ru) was used for the calculations.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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