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ABSTRACT: We have implemented high-throughput spectroscopic
screening tools for the investigation of vapor-selectivity of CdSe
semiconductor nanocrystals of different size (2.8- and 5.6-nm
diameter) upon their incorporation in a library of rationally selected
polymeric matrices. This library of resulting sensing materials was
exposed to polar and nonpolar vapors in air. Each of the sensing
materials demonstrated its own photoluminescence vapor-response
patterns. Two criteria for the evaluation of vapor responses of the
library of sensing materials included the diversity and the magnitude of
sensing responses. We have found several polymer matrices that
simultaneously meet these criteria. Our new sensing materials based on
polymer-embedded semiconductor nanocrystal reagents of different
size promise to overcome photobleaching and short shelf life limi-
tations of traditional fluorescent organic reagent-based sensing materials.
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1. INTRODUCTION
Insufficient selectivity of vapor responsive sensing materials1 is
a significant barrier for the practical implementations of indi-
vidual vapor sensors. While individual sensors with partially
selective sensing materials can be arranged in an array,2 it was
shown that sensor arrays based on partially selective sensing
materials fail in the presence of high levels of interferences.3

Further, minimization of the number of sensors in an array
simplifies deposition of sensing materials, device fabrication,
and data analysis and reduces data processing noise.4−6 Thus,
development of individual sensors with improved selectivity is
an active area of research.
Application of nanomaterials for vapor sensing promises to

bring not only enhanced sensitivity7,8 and improved response
and recovery times9 but also improved selectivity.10−13 Never-
theless, additional concepts for enhancement of vapor-response
selectivity are needed for the implementation with different
transducers. Optical transduction methods based on wave-
length-multiplexed spectral measurements have a potential to
improve the selectivity of vapor responses of individual sensors
and sensor arrays. This potential can be realized if individual
spectral responses from the sensor or array of sensors are
sufficiently independent and are correlated to specific vapors.
We recently reported a new concept for selective chemical
sensing based on multiple-color CdSe nanocrystals.14 We
incorporated CdSe nanocrystals of different diameters into a
poly(methyl methacrylate) (PMMA) film and have found that
each size of CdSe nanocrystals in this polymeric nanocomposite
unexpectedly demonstrated its own photoluminescence (PL)

response pattern upon exposure to polar and nonpolar vapors
in air. Single-size/single-color CdSe quantum dots with dif-
ferent surface modifying groups were also encapsulated into
PMMA films15−18 and porous anodic aluminum oxide sub-
strates19,20 to study their response to organic vapors.
Rational design of sensing and other functional materials

based on prior knowledge is attractive because it promises to
avoid time-consuming synthesis and testing of numerous
materials candidates. However with the increase of complexity
of materials, the scientific ability for the rational materials
design becomes progressively limited.21 As a result of this
complexity, combinatorial, and high-throughput experimenta-
tion in materials science has been recognized as a new scientific
approach to generate new knowledge.22−25

In this study, we have implemented our high-throughput
spectroscopic screening tools for the investigation of vapor-
sensitivity of CdSe semiconductor nanocrystals of different size
upon their incorporation in different polymeric matrices. A
library of nine polymeric materials was formulated with 2.8-nm
and 5.6-nm diameter CdSe nanocrystals to form multisize CdSe
nanocrystal/polymer nanocomposites and was exposed to polar
and nonpolar vapors. Two criteria for the evaluation of vapor
responses of the library of sensing materials included the
diversity and the magnitude of sensing responses. We have
found several polymer matrices that simultaneously meet these
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criteria. Our new sensing materials based on polymer-
embedded semiconductor nanocrystal reagents of different size
promise to overcome photobleaching limitation of traditional
fluorescent organic reagent-based sensing materials.

2. EXPERIMENTAL SECTION
2.1. Film Preparation. CdSe nanocrystal solutions in

toluene were obtained from Evident Technologies (Troy, NY).
Polymers tested as matrices for CdSe nanocrystals were
poly(trimethyl-silyl) propyne (Gelest), silicone block polyimide
and polycarbonate (General Electric), poly(isobutylene)
(Aldrich), poly(methyl methacrylate), polyvinylpyrrolidone,
polycaprolactone, poly(dimethylaminoethyl) methacrylate,
and styrene-butadiene ABA block copolymer (Scientific Poly-
mer Products). Sensing films were spin-cast from polymer/
toluene solutions. The polymer concentration in the solution
was 5% vol. The concentrations of 2.8-nm and 5.6-nm diameter
CdSe nanocrystals in toluene were the same, 2.5 mg/mL each.
The thickness d of these spin-cast films was measured using an
interference microscope and was 0.5 μm < d < 1 μm.
2.2. Measurement Setup and Data Analysis. For high-

throughput screening of PL, multiple films with different
polymers were arranged as a one-dimensional array. Automatic
measurements of PL spectra of the sensing films array were
performed using a modular automatic scanning system de-
signed and built in house as detailed earlier.26 Briefly, the
system included a 407-nm portable GaN laser (2 mW output
power), an in-line optical filter holder, a portable spectrometer,
and an X−Y translation stage (see Figure 1). Laser light was

focused into one of the arms of a bifurcated fiber-optic reflec-
tion probe. The same portable laser was used for photoactiva-
tion and PL excitation of sensing films. The uncertainty in mea-
surements of PL intensity using our high-throughput screening
system was <2 counts (one standard deviation).
The fabricated sensing films were periodically exposed at

room temperature to methanol and toluene vapors at the vapor
pressure of 46 and 11 Torr, respectively, using dry nitrogen as a
carrier gas. Exposures were done automatically with multiple
replicates (at least n = 3). Processing of collected spectra was
performed using KaleidaGraph (Synergy Software, Reading,
PA) and PLS_Toolbox Software operated with Matlab (The
Mathworks Inc., Natick, MA). Photoluminescence intensities
and spectra were evaluated after subtraction of the dark noise
signal of the spectrometer. Principal components analysis
(PCA) was done in the range from 450 to 700 nm after mean-
centering the data.

3. RESULTS AND DISCUSSION

3.1. Rationale for Selection of Polymeric Matrices. To
evaluate selectivity of sensing films, we incorporated the analyte-
responsive reagents such as CdSe semiconductor nanocrystals
of different size into diverse polymeric matrices. A polymer
matrix has a tremendous effect on the sensor response in terms
of sensor selectivity, sensitivity, and dynamic response.25,27

In this study, we have rationally selected several polymeric
matrices that have been previously shown to be very effective
for vapor sensing.
We included poly(trimethyl-silyl) propyne because it has the

largest known solubility of oxygen,28 and thus, it was thought to
be a good candidate for efficient vapor-modulated oxidation of
CdSe nanocrystals in air. Poly(methyl methacrylate) and poly-
caprolactone were selected because they are known as efficient
matrices for solvatochromic organic dyes29 and, thus, are
attractive to be explored with CdSe nanocrystals. Silicone block
polyimide was selected because it has very high partition
coefficient for sorbing organic vapors30 attractive for its vapor-
sensitivity evaluation with CdSe nanocrystals. Poly(dimethyl-
aminoethyl) methacrylate polymer was selected for its surface
passivation property of semiconductor nanocrystals.31 Polymers
with high and low glass transition temperature (Tg), such as
polycarbonate and poly(isobutylene), were selected because of
their reported diverse vapor-sorption properties32,33 and, thus,
possibilities for enhanced vapor selectivity. Polyvinylpyrroli-
done and styrene−butadiene ABA block copolymer were selected
because of their sorption ability of polar and nonpolar vapors,
respectively,34 and thus, possibilities for enhanced vapor selectivity.
The chemical structures and the rationale for selection of these
polymers as a sensing matrix are summarized in Table 1.

3.2. Spectral Properties of Photoactivated Sensing
Films. To check for the possibility of interactions between the
CdSe nanocrystals of different sizes in toluene solution, we
examined PL spectra of the individual sizes of CdSe nano-
crystals and their mixture (see Figure 2). The initial PL peak
positions of 2.8- and 5.6-nm CdSe nanocrystals in toluene solu-
tion were at 541 and 636 nm, respectively. The toluene solution
containing the mixture of different nanocrystal sizes exhibited
spectral profiles corresponding to the sum of the spectra of the
individual sizes of nanocrystals. The lack of spectral distortions
or PL peak shifts demonstrated that there were no interactions
between the nanocrystals of different sizes. This lack of inter-
actions between the individual nanocrystals is likely because the
different size CdSe nanocrystals were passivated with tri-n-
octylphosphine oxide (TOPO).35,36 Also, the concentration of
the nanocrystals in toluene was relatively low leading to only
negligible reabsorption affects not affecting the PL intensity ratio.
The 2.8- and 5.6-nm CdSe nanocrystals were further for-

mulated in polymer films and photoactivated with the 407-nm
diode laser. Photoactivation is an important aspect of the per-
formance of the CdSe and other semiconductor crystals as
chemical sensing materials.15 Photoactivation has been shown
to blue shift nanocrystal emission, attributed to a decrease in
size and the photooxidation of the nanocrystal surface.37,38

Upon incorporation in polymer films, CdSe nanocrystals
exhibited different spectral shifts of PL emission and different
emission intensity as illustrated in Figure 3. Upon automatic
scanning of fabricated films with the fiber-optic probe with a
1 mm step size, no significant variation on PL intensity was
observed across the films.

Figure 1. Modular automatic scanning system for high-throughput
evaluation of PL spectra of the sensing films array.
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The PL peak positions of 2.8-nm CdSe nanocrystals in the
majority of studied polymer nanocomposites were at 501−507 nm
and at 514 nm for nanocomposite 1. The PL peak positions of

5.6-nm CdSe nanocrystals in the majority of studied polymer
nanocomposites were at 607−620 nm; the PL peak positions
were at 580 nm for nanocomposite 4 and at 522 nm for
nanocomposite 6 (see Figure 3A). The PL intensity varied from
30 to 297 counts and from 65 to 2868 counts for 2.8- and 5.6-
nm CdSe nanocrystals, respectively in different polymers as
illustrated in Figure 3B. We believe that the differences in the
PL intensity of nanocrystals in different polymers were mostly
associated with the photoactivation effects of nanocrystals as
evidenced by the different ratio of PL intensities of 2.8- and
5.6-nm CdSe nanocrystals. The film-thickness variation of
different polymers contributed to the differences in the PL
intensity only to the smaller extent.

3.3. Sensing Response Patterns. Results of exposure of
all prepared sensing films to methanol and toluene vapors as
the PL changes at their peak positions upon vapor exposures
are presented in Figure 4. For consistency and reliability of
response of fabricated sensing materials, different films were
deposited at the same day over a four-hour time period. To
further reduce possible variability, all films were tested using

Table 1. Polymer Matrices for Incorporation of Different Size CdSe Nanocrystals

Figure 2. PL spectra of individual size CdSe nanocrystals and their
mixture in toluene.

ACS Combinatorial Science Research Article

dx.doi.org/10.1021/co200112s | ACS Comb. Sci. 2012, 14, 170−178172



the automated testing system as shown in Figure 1. Vapor−
response measurements were done in triplicate where Figure 4
presents data with error bars, which are one standard deviation
of these replicate measurements. Calculation of stan-
dard deviation from this limited number of replicates (n = 3)
is an accepted practice in chemical analysis.39,40 This data in-
dicates a striking diversity in response of the two-size CdSe
nanocrystals to these polar and nonpolar vapors. Two aspects
of this diversity include the magnitude and direction of the PL
change. For example, polymers 2, 4, 5, 8, and 9 show a much
larger absolute PL intensity changes as compared to polymers
1, 3, 6, and 7 (see Figure 4A). However, the percent change of
PL intensity is largest for polymers 1, 3, and 4 (see Figure 4B).
Polymers employed in this study, were rationally selected

according to criteria provided in Table 1. These criteria were
based on the previous applications of these polymers in optical
sensors with solvatochromic fluorescent dyes and in nonoptical
sensors based on gravimetric, resonant, and chemiresistor
transducers.28−34 On the basis of the results of the present
study, it seems that the vapor responses of these polymers
when doped with of CdSe nanocrystals only slightly follow
the expected correlation with earlier reported results for
pure polymers and doped with solvatochromic fluorophores.
These differences may be attractive to be explored further.
In future, these initial experimental results on the effects of
toluene and methanol as two initial model vapors (as summarized
in Figure 4) should be expanded further to vapors of more diverse
nature.
3.4. Response Reversibility and Stability. Reversibility

and stability of PL emission of sensing films were tested upon
an extended irradiation with the laser light. Such response
reversibility and stability are critical in continuous monitoring
applications. The key parameters of interest in these evaluations
were (1) response of sensing films upon exposures to vapors,
(2) recovery of sensing films upon exposures to the carrier gas

(dry nitrogen), (3) the overall stability of the PL intensity, and
(4) the stability of the response pattern to methanol and
toluene vapors. As an example, Figure 5 shows response
patterns from 2.8- and 5.6-nm nanocrystals in polymer 2 film
over 16 h of continuous exposure of the film to laser radiation.
During the laser exposure, the sensor film was periodically
exposed to methanol and toluene vapors. The long-term
stability data for this and other polymers indicated that the re-
sponse of new selective sensor films was very stable upon
extended exposure to laser excitation without significant degra-
dation of emission intensity. The response pattern to methanol
and toluene was more stable for 5.6 nm nanocrystals as com-
pared to 2.8 nm nanocrystals. This signal stability is a significant
advantage of these CdSe nanocrystal/polymer nanocomposite
films over films based on organic fluorophores immobilized
into polymeric and inorganic films.41,42

3.5. Multivariate Spectral Analysis. The capability for
discriminating vapors using a single nanocomposite sensing film
with incorporated CdSe nanocrystals of different size was evalu-
ated from individual PL responses of nanocrystals of different
size using PCA technique.43 PCA is a commonly used un-
supervised and robust pattern recognition approach for analysis
of multivariate data. PCA projects the data set onto a subspace
of lower dimensionality with removed collinearity. PCA achieves
this objective by explaining the variance of the data matrix in terms
of the weighted sums of the original variables without significant
loss of information. These weighted sums of the original variables
are called principal components (PCs). In PCA, the scores plots
show the relations between analyzed samples (different vapors in
our studies).
The scores plots of the first three PCs are shown in Figure 6,

illustrating the diversity of performance of all sensing polymers.
The larger the distance between polymer data points, the larger
the difference in the response pattern between the respective
CdSe/polymer nanocomposites. The first two PCs explained

Figure 3. Positions (A) and intensities (B) of PL peaks of CdSe nanocrystals of 2.8- and 5.6-nm embedded in nanocomposite polymer films 1−9
upon photoactivation. Initial PL peak positions of 2.8- and 5.6-nm CdSe nanocrystals in toluene solution were at 541 and 636 nm, respectively.

Figure 4. Diversity in steady-state response of the two-size CdSe nanocrystals embedded in nanocomposite polymers 1−9 to polar (methanol) and
nonpolar (toluene) vapors: absolute (A) and relative (B) PL response values. Error bars are 1 SD from replicate (n = 3) measurements.
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only ∼80% of the total variation captioned by the PCA model,
while the first three PCs explained ∼95% of the total variation.
Thus, three PCs were used for analysis. An example of such dif-
ference is the relatively large distance between polymers 1, 2,
and 4 and other polymers as shown on the plot of PC1 vs PC2

(see Figure 6A) and PC1 versus PC2 versus PC3 (see Figure 6D).
The difference in the response patterns of the multisize CdSe

nanocrystal/polymer nanocomposites could be related to the
combined effects of the dielectric medium surrounding the
nanocrystals, their size, and oxidation as well as the vapor-
sorption characteristics of the polymer.
To quantify this diversity, cluster analysis was further

performed where the distances based on principal component
scores were adjusted to unit variance. This distance measure,

Figure 5. Long-term stability of PL response of polymer 2 film with 2.8- and 5.6-nm CdSe nanocrystals upon repetitive exposures to methanol (1)
and toluene (2) vapors: PL intensity from 2.8 and 5.6 nm (A), 5.6 nm (B), and 2.8 nm (C) CdSe nanocrystals.

Figure 6. PCA scores plots of the first three principal components of the gas response of nine polymer types with incorporated two-size CdSe
nanocrystals: (A) PC1 vs PC2, (B) PC1 vs PC3, (C) PC2 vs PC3, and (D) PC1 vs PC2 vs PC3. Error bars in (A−C) are 1 SD from replicate (n = 3)
measurements. Names of polymers 1−9 are provided in Table 1.
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known as Mahalanobis distance,43 accounts for the different
amount of variation in different directions. Results of cluster
analysis of PL response patterns upon exposure to methanol
and toluene after incorporation into polymeric matrices are
demonstrated in the dendrogram in Figure 7 that was

constructed by using Mahalanobis distance on the first three
PCs. Polymers 4, 3, and 1 were the most different from the rest
of polymers as indicated by the largest diversity distance to
K-nearest neighbor.
Data analysis using dendrograms (also known as clustering

algorithms) provides means for robust data mining.6,44 In this
work, such data mining tools provide a means to quantitatively
evaluate polymer matrices. When coupled with quantitative
structure−property relationships simulation tools that will
incorporate molecular descriptors, new knowledge generated
from high-throughput experiments may provide additional
insights for the rational design of gas sensors based on incor-
porated semiconductor nanocrystals. In future, such work in
vapor sensors promises to complement existing solvatochromic
organic dye sensors with more photostable and reliable sensing
materials.
Examination of Figures 6 and 7 demonstrates that multisize

CdSe nanocrystal/polymer nanocomposites with polymers 1, 2,
3, 4, and 8 have the most diverse spectral responses upon vapor
exposures. This diversity is signified by the large distances
between these polymers in the scores plots (Figure 6) and in
the dendrogram plot (Figure 7). Other polymers, for example
polymers 6 and 7, are very close in their response diversity as
indicated by the very short distances between these polymers in
the scores plots (Figure 6) and in the dendrogram plot (Figure 7).
We explored spectral responses of sensing materials using

multivariate tools such as loadings plots of the PCA models of
PL spectra over the 450−700 nm spectral range. In PCA, the
loadings plots show the relations between analyzed variables
(different spectral wavelengths in our studies) and provide the
guidance for the selection of the best spectral variables for
quantitative analysis.45,46 By definition, the spectral loadings are
independent from each other and are orthogonal in the load-
ings plots. Examples of diversity of PL responses of the
multisize CdSe nanocrystal/polymer nanocomposites upon
exposures to methanol and toluene are presented in Figure 8
for polymers 1, 2, 3, 4, and 8. The first two loadings explained
more than 99% of the total variation captioned by the PCA

model, thus only two loadings were used for the detailed
spectral analysis. The background of the multivariate spectral
analysis that involves the development of PCA models and
calculations of respective loadings and the application of load-
ings for the selection of the best spectral variables for quanti-
tative analysis has been previously reported.43,45−47

The first graph for each polymer (Figure 8A, D, G, J, and M)
depicts the mean PL spectrum upon exposures to methanol and
toluene and illustrates the relative spectral intensities and peak
positions for the two sizes of CdSe nanocrystals in the poly-
meric matrices. This mean PL spectrum is calculated from the
multivariate spectral data analysis of replicate responses to
methanol and toluene (n = 3) using PCA. As an example, a raw
dynamic response is illustrated in Figure 5.
The second graph for each polymer (Figure 8B, E, H, K, and N)

depicts the first spectral loading which is the spectrum with the
strongest spectral features for the two sizes of CdSe nano-
crystals in the polymeric matrices upon exposures to methanol
and toluene. Finally, the third graph for each polymer (Figure 8C,
F, I, L, and O) depicts the second spectral loading. Analysis of
spectral features of polymers depicted in Figure 8 shows the sen-
sitivity and the selectivity of the response of different sizes of the
CdSe nanocrystals in different polymeric matrices.
Polymer 1 (Figure 8A, B, and C) possesses a relatively weak

(<25% of intensity) and broad spectral PL response of the
2.8-nm nanocrystals compared to the PL intensity of the 5.6-nm
CdSe nanocrystals. The contribution to the first loading comes
only from the PL spectra of the 5.6-nm CdSe nanocrystals. The
contribution to the second loading comes from the PL spectra
of both sizes of CdSe nanocrystals with the relatively similar
magnitude of spectral contributions.
Polymer 2 (Figure 8D, E, and F) also possesses a relatively

weak spectral PL response (<25% of intensity) of the 2.8-nm
nanocrystals compared to the PL intensity of the 5.6-nm CdSe
nanocrystals. The contribution to the first loading comes
mostly from the PL spectra of the 5.6-nm CdSe nanocrystals
with only a small contribution from the PL spectra of the 2.8-nm
CdSe nanocrystals. The contribution to the second loading
comes from the PL spectra of both sizes of CdSe nanocrystals
with the relatively strong magnitude of spectral contribution
from the 2.8-nm CdSe nanocrystals.
Polymer 3 (Figure 8G, H, and I) possesses an appreciable

magnitude (∼50% of intensity) of the spectral PL response of
the 2.8-nm nanocrystals compared to the PL intensity of the
5.6-nm CdSe nanocrystals. The contribution to the first loading
comes mostly from the PL spectra of the 5.6-nm CdSe
nanocrystals with only a small contribution from the PL spectra
of the 2.8-nm CdSe nanocrystals. However, the contribution to
the second loading comes from the PL spectra of both sizes of
CdSe nanocrystals with the very strong magnitude of spectral
contribution from the 2.8-nm CdSe nanocrystals.
Polymer 4 (Figure 8J, K, and L) possesses a relatively weak

(<25% of intensity) and broad spectral PL response of the
2.8-nm nanocrystals compared to the PL intensity of the 5.6-nm
CdSe nanocrystals. The contribution to the first loading comes
only from the blue-shifted PL spectra of the 5.6-nm CdSe
nanocrystals. The contribution to the second loading comes
from the PL spectra of both sizes of CdSe nanocrystals with the
relatively similar magnitude of spectral contributions.
Polymer 8 (Figure 8M, N, and O) also possesses a relatively

weak (<25% of intensity) and broad spectral PL response of
the 2.8-nm nanocrystals compared to the PL intensity of the
5.6-nm CdSe nanocrystals. The contribution to the first loading

Figure 7. Quantitative analysis of diversity in response to polar and
nonpolar vapors of all screened polymers. Dendrogram of cluster
analysis using Mahalanobis distance on three PCs of the PCA model.
Names of polymers 1−9 are provided in Table 1.
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comes only from the PL spectra of the 5.6-nm CdSe nano-
crystals. The contribution to the second loading comes from
the PL spectra of both sizes of CdSe nanocrystals with the
relatively similar magnitude of spectral contributions.

4. CONCLUSIONS

High-throughput experimentation has been applied for the
evaluation of the responses of different-size CdSe nanocrystals
incorporated in a variety of rationally selected polymer matrices.
Automation of these experiments not only speeds up the screening
process of candidate sensing materials, but importantly, reduces or
eliminates variation sources that otherwise affect response of the
sensing materials if measurements are done manually.
We have found that different polymeric matrices provide

diverse response patterns of polymer-incorporated CdSe nano-
crystals to vapors of different polarity. Computational studies of
the effects of dielectric media on CdSe nanocrystal electronic
properties have shown that the absolute value of the dipole
moment of the nanocrystal increases with elevated dielectric
constant of the surrounding environment.48 The magnitude of
the change in dipole moment increases with particle size. The
elevated diameter and surface area of larger particles means that
even small changes in the surface charge of the nanocrystals will
result in significant changes in the particles dipole moment.
Different size nanocrystals also can have different coverage with
the capping TOPO ligand49 and when immobilized into a

polymer matrix,36 can contribute to the variable response
pattern.
Such work promises to complement existing solvatochromic

organic dye sensors with more photostable and reliable sensing
materials. Polymers employed in this study, were rationally
selected based on their previous applications in optical and
nonoptical sensors. However, vapor responses of these polymers
when doped with of CdSe nanocrystals only slightly follow the
expected correlation with earlier reported results for pure
polymers and doped with solvatochromic fluorophores. Under-
standing of these differences may be attractive for future studies.
Responses of multisize CdSe nanocrystal/polymer nanocom-
posites to the broader range of vapors and their concentrations
will be also of critical importance in the forthcoming studies.
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