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Abstract 

The addition of plasmonic nanoparticles into electrospun polymer fibers can have 

significant impact on their properties relevant to applications in sensing, catalyst, and energy 

conversion. A Raman spectrometer incorporated into a photothermal heterodyne imaging system 

was used to study the hot electron transfer mechanism generated through excitation of a localized 

surface plasmon resonance (LSPR) of gold and silver nanoparticles in polyacrylonitrile films and 

nanofibers. The ratio of anion nitrile radicals to neutral nitriles of polyacrylonitrile, provides a 
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measure of the ionization capabilities of the nanoparticles, was found to follow a Boltzmann 

distribution, indicating that the LSPR mediated hot electron transfer mechanism is dependent on 

temperature. Silicon nanoparticles were used as a control for temperature and showed that heating 

itself, using 405 nm and 532 nm pump lasers, was not sufficient to ionize polyacrylonitriles, even 

at relatively high temperatures. The results provide insight into the roles of heating and electron 

transfer arising from nanoparticles additives in electrospun polymer fibers and other materials. 

Introduction 

The uses for nanofibers have steadily increased over the years due to their unique 

properties like flexibility, mechanical strength, high surface area to volume/weight ratio, 

porosity, sample loading capacity, reproducibility, and ability to incorporate nanomaterials to 

change the electrical and heat conductivity without fiber degradation. Because of this, nanofibers 

have been utilized in applications like: flexible electronics,1–3 lithium ion battery cathodes and 

anodes,4–7 surface assisted laser desorption/ionization (SALDI) substrates,8–12 catalysts,13–16 and 

solar cells.17–19 The most common method to produce these nanofibers is through 

electrospinning.  

Plasmonic nanomaterials, which can be incorporated into nanofibers, are known to 

exhibit a localized surface plasmon resonance (LSPR).20 The LSPR occurs when an incident 

beam of light interacts with the electrons in the conduction band of the plasmonic nanomaterials. 

This interaction produces a plasmonic oscillation with a resonant frequency specific to the size, 

geometry, dielectric environment, and the composition of the material. The resulting effect is an 

enhancement of the local electric field which is credited for the underlying mechanism in surface 

enhanced Raman spectroscopy (SERS). SERS is a powerful technique reported in literature to 
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enhance Raman signals up to 108 ~ 1010 times.21–23 While the enhancement of the electric field 

arises from the radiative decay of the plasmonic oscillation, hot electrons are produced through a 

non-radiative process. Hot electrons and carriers are generated in a nonthermal distribution and 

are damped in 1-100 femtoseconds. Hot carrier relaxation, where the population of hot electrons 

and hot holes redistributes its energy through electron-electron interactions last up to 1 

picosecond, is followed by thermal dissipation to the surrounding from the particle within 10 

nanoseconds.24–27 Since the electron-electron interactions occur extremely fast, only high 

potential energy hot electrons are expected to undergo electron transfer.28  

Nitriles, exhibiting a unique vibrational peak in the silent region (1750 cm-1 to 2750 cm-

1), have been used as a probe for experimentally measuring the vibrational Stark effect and 

electronic charging observed in SERS experiments.29–34 The vibrational Stark effect arises from 

charge differences associated with exciting the LSPR.35 Optical rectification results in a local DC 

field, affecting the electric fields experienced by the chemical bonds and evident as a shift in the 

vibrational frequency observed in SERS. Previously, Wang et el. reported a shift of 

approximately 100 cm-1 wavenumbers on 4-mercaptobenzonitrile, a shift too large to be 

accounted for a vibrational Stark effect.34 Using alkane thiols to form a controlled spacing 

between gold nanoparticles and gold film, it was shown that larger distances decreased the 

magnitude of the vibrational shift, but not the direction of the shift. This phenomenon was 

attributed to an electron transfer induced peak shift and was backed through computational 

calculations. With this knowledge, electron transfer phenomena associated with the LSPR can be 

measured through changes in the vibrational spectrum of nitrile probe molecules. 

The relaxation of the plasmon resonance also results in local heating from the 

nanoparticle to the surrounding medium. Photothermal heterodyne imaging (PHI) can be used to 
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study this local heating from plasmonic nanomaterials.36–40 PHI measures the change in 

refractive index of the sample arising from the change in temperature caused by absorption of a 

pump beam. The absorption of the modulated pump beam induces a temporal thermal response, 

giving rise to a modulated change in the refractive index of the sample. The modulated intensity 

of the probe beam, co-aligned with the pump beam, is recorded and demodulated with a lock-in 

amplifier.  

In this report, the relationship between heating and hot electron generation of plasmonic 

nanoparticles in polyacrylonitrile film and fibers is studied through simultaneous Raman 

spectroscopy and PHI measurements. Gold and silver nanoparticles were investigated due to 

their excellent plasmonic properties and compared to non-plasmonic silicon nanoparticles in 

polyacrylonitrile films and fibers. Formation of the nitrile anion was only observed when 

plasmonic nanoparticles were included, and a higher degree of ionization correlated with 

increased PHI intensities. The result indicates that although LSPR is the responsible for 

ionization, it is facilitated through heating. We also report the ionization efficiency differences of 

the plasmonic nanoparticles in film compared to their fiber counterparts, suggesting that the 

chemical environment and potential nanoparticle aggregation affects the ionization capabilities 

of plasmonic nanoparticles. 

Materials and Methods 

Materials 

Polyacrylonitrile (PAN, Mw 150,000) was purchased from Sigma-Aldrich (St Louis, MO) 

and dimethylformamide (DMF) was purchased from Fisher Scientific (Fairlawn, NJ). Dried gold 
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and silver nanoparticles (50nm, 40 kDa PVP as capping agent) were purchased from 

NanoComposix (San Diego, CA), and silicon nanoparticles (50nm, dried) were purchased from 

Sky Springs Nanomaterials, Inc. (Houston, Tx).  

Instruments 

An Agilent Cary 4000 UV-Vis spectrometer was used to measure the extinction spectrum 

of gold, silver, and silicon nanoparticles in ethanol. FEI Tecnai G2 Spirit transmission electron 

microscope (TEM) was used to image the nanoparticles imbedded inside the electrospun PAN 

nanofibers. 

Electrospinning Nanofibers 

PAN powder was dissolved in DMF and stirred over night to make a 10% (w/w) polymer 

solution. To incorporate nanoparticles, 2%, 1% and 0.1% (w/w to PAN) of gold, silver, or silicon 

was sonicated in DMF before the addition of PAN. The polymer solution was then transferred to 

a plastic syringe, capped with a stainless-steel needle. Harvard Apparatus Pump II Elite 

(Holliston, MA) syringe pump was used to deliver the solution for electrospinning. Spellman 

CZE 1000R (Hauppauge, NY) power supply was used to deliver the positive voltage to the 

needle tip and to ground an indium-tin-oxide (ITO) coated glass (Sigma-Aldrich, MO). 

Electrospun polymer nanofibers were collected for 5 minutes at a collection distance of 15 cm 

with a flow rate of 1 ml/hour. Voltage was set to 15 kV and provided an average fiber diameter 

of 398 ± 74 nm for bare PAN nanofibers, and 205 ± 45 nm, 364 ± 52 nm, and 251 ± 52 nm for 

gold, silver, and silicon incorporated PAN fibers, respectively. (See Figure S1 and S2 in the SI 

for images of nanofibers) Nitrogen gas was used reduce the relative humidity to less than 20%. A 
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diagram of the electrospinning setup is included in Figure S3. PAN films were made by air 

drying a drop of the electrospinning solution on a glass slide.  

Photothermal Heterodyne Imaging (PHI) Setup 

A previous reported photothermal heterodyne imaging setup39,41 was modified for this 

experiment. The current PHI setup is adapted onto a dual microscope designed by Nanonics 

Imaging, LTD and operated in transmission mode with a 50x air objective (NA = 0.5 Olympus, 

LMPLFLN50xBD) focusing lens and a 50x air objective (Nikon NA = 0.45, WD = 17 mm) 

collection lens. Setup of the modified instrument is shown below in Figure 1.  

 

The pump beam, either as 405 nm (RPMC, LBX-405) or a 532 nm (Innovation Photonic 

Solution, I0532sl0100MF) cw-laser is modulated by an acousto-optic-modulator (Gooch and 

Figure 1. PHI with SERS microscopy instrument setup. The following abbreviations 

are as follows: AOM = Acousto-optic-modulator, DM = Dichroic mirror, BP = Band 

pass filter. 
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Housego, AOMO 3200-124) at a rate of 400 kHz. The He-Ne 633nm probe beam (Melles Griot, 

25-LHP-925) was aligned and focused and overlapped with the pump beam through a long-pass 

dichroic mirror (4, Thorlabs, DMLP567). Since the probe beam is used for detection, the setup is 

diffraction limited by the probe beam. A Nanonics-MV4000 piezo stage scanner was used to 

move the sample in the xyz directions for imaging. Ideally, the modulated pump beam is 

absorbed by the sample, which causes heating, resulting in a modulated refractive index change 

(
𝑑𝑛

𝑑𝑇
) of the sample. Due to the alignment of the two beams, the modulated refractive index 

change of the sample also modulates the intensity of the probe beam detected by the photodiode 

at the same frequency as the pump beam. A band pass filter (Thorslab, FB650-40) was used to 

selectively filter out the pump beams to only allow the probe beam to reach a custom photodiode 

detector.41 The lock-in amplifier (Stanford Research Systems, SR844) then demodulates the 

photothermal signal of the probe beam. All PHI images were collected at 0.3 mW pump beam 

and 0.5 mW pump beam unless indicated otherwise. 

The Raman spectrum was recorded by measuring the scatter from the 633 nm probe beam 

using a spectrometer (Andor SOLIS, SR328i) and CCD (Andor iDus DU416A-LDC-DD) 

incorporated into the PHI setup. The Raman mapping was sampled at 17 x 17 pixels with 5 

second acquisitions. The PHI image was collected over a 10 x 10 𝜇m2 area containing 100 x 100 

pixels with 50 millisecond acquisitions per pixel. Both images were collected at the same time 

using Combridge component in NWS11 v1.0_06_08_17 (Nanonics Imaging, LTD), collecting 

PHI signals line by line while collecting the Raman spectrum at defined points in the scan.  

Results and Discussion 



 8 

The photothermal response of the sample has a wavelength dependence that requires 

selecting the appropriate pump and probe beam wavelengths. Figure 2 shows the extinction 

spectra of nanoparticles and polyacrylonitrile fibers studied here. The absorption maxima were 

observed at 533 nm, 435 nm, and 405 nm for 50 nm gold, silver, and silicon nanoparticles, 

respectively. To maximize absorption, a 532 nm or 405 nm laser was used as the pump beam. 

The probe beam at 633 nm shows minimal absorption to correlate heating of the sample to the 

pump beam and serving as the Raman excitation source.  While aggregation can induce a red-

shifted coupled plasmon resonance, it has been shown that this band diminishes in larger 

aggregates (more than 2 nanoparticles), which will diminish resulting heating.42 Silicon 

nanoparticles are included, as they show an absorption at comparable wavelengths but do not 

form a plasmon resonance like Ag and Au nanoparticles. PAN has its peak absorption at 316 nm 

and has minimal response to the 405 nm and 532 nm pump beams of the PHI system (Figure S4, 

S5, S6, and S7).  
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To monitor potential electron transfer events, the nitrile moiety on the polyacrylonitrile 

fibers and film was studied. While polyacrylonitrile has many distinct Raman peaks, the nitrile 

stretch at 2245 cm-1 is readily distinguishable within the vibrationally silent region (1750 cm-1 to 

2750 cm-1). As noted in the introduction, nitrile peaks are experimentally observed red-shifted by 

around 100 cm-1 with an addition of an electron, 43 which was confirmed by constrained density 

Figure 2. Extinction Spectra of gold (A), silver (B), and silicon (C) nanoparticles and 

polyacrylonitrile fibers (D). The vertical dashed lines indicate the wavelength of the pump 

beams (405 nm and 532 nm) used in the photothermal heterodyne system. The solid line 

(633 nm) indicates the wavelength of the probe beam and Raman, which has relatively 

minimal absorption from the nanoparticles and fibers. 
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functional theory (CDFT) calculations.34

 

Figure 3 shows the Raman spectrum of PAN with the addition of gold, silver, and silicon 

nanoparticles obtained simultaneously during at PHI experiments with the 405 nm pump beam. 

A low intensity nitrile stretch is observed in all samples.  The anion nitrile radical band is only 

observed in PAN fibers and films incorporating plasmonic nanoparticles (2120 cm-1 and 2016 

cm-1 for gold and silver, respectively). Enhancement of Raman signals of nitriles with gold and 

silver nanoparticles is due to SERS, which arises from the excitation of the nanoparticles’ LSPR. 

Figure 3. Raman spectra a PAN film containing of gold (A), silver (B), silicon (C), and no 

(D) nanoparticles while illuminated by the 405 nm modulated pump beam in the 
photothermal heterodyne imaging setup. The spectra were collected using the 633nm 
probe beam with a 5 s acquisition and 0.5 mW power. 
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In all cases, the SERS is measured from the 633 nm probe beam. The Raman signal observed 

from both Ag and Au nanoparticles is significantly enhanced (>100x) relative to the nitrile signal 

from the silicon or bare PAN films which shows more modest Raman signals. The spectra shown 

were collected with the same incident powers, enabling this direct comparison. A remnant of the 

original nitrile peak, comparable in intensity to that observed in PAN and with Si nanoparticles, 

is still evident in the Raman spectrum of PAN with silver and gold nanoparticles as indicated 

with the arrows in Figure 3. While quantifying the SERS signal between samples is challenging 

due to known heterogeneity in the plasmonic enhancement, having information of both the 

uninterrupted nitrile and nitrile anion radical peaks allow for an internally standardized ratio of 

the two peaks. The ratio can be used to quantitatively assess the electron transfer events observed 

near the nanoparticles.  

The photothermal heterodyne imaging signal was recorded by detecting the modulated 

change in the intensity of the probe beam at the detector. The modulation occurs due to the 

refractive index change caused by the temperature change of the sample through the absorbance 

of the modulated pump beam. Figure 4.A shows the PHI of PAN film with silver nanoparticles 

under a 405 nm pump beam. An enlarged image can be found in Figure S6. 

The bright spots in Figure 4A correspond to the absorbance of the pump beam which 

leads to local heating and the refractive index change. The increased absorption cross section of 

the nanoparticles generates more heat and a larger change in the refractive index of the sample 

that readily indicates the presence of nanoparticles. Previous results have shown that the PHI 

intensity is linear to the volume of the nanoclusters,39 meaning that larger nanoparticle clusters 

will dissipate more heat in the diffraction limited area. The intensity scale of the PHI is 

proportional to the lock-in amplifier gain, the absorption cross sections of the sample, and optical 
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collection efficiency. Using consistent collection conditions, the signal can compare the relative 

amount of heating between samples induced by the pump beam. PHI images of other substrates 

can be found in the Figures S4-S7. 

 To quantitatively compare the heating and anion formation (a proxy for electron transfer) 

induced by the pump beam with the different nanoparticles, the correlated PHI and Raman signal 

(Figure 4E) was modeled as a two state population (neutral nitrile and anion nitrile radical) and 

rearranged to calculate relative anion formation using the following Equation 1: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑛𝑖𝑜𝑛 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
𝐼𝑜𝑛𝑖𝑧𝑒𝑑 𝑁𝑖𝑡𝑟𝑖𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑁𝑖𝑡𝑟𝑖𝑙𝑒
× 100%    (1) 

Figure 4. The flow chart shows the data processing to correlate the heating measured by PHI to the 

anion nitrile radical formation observed by Raman. (A) The PHI of silver nanoparticles in 

polyacrylonitrile film is shown. The color bar correlates to the observed PHI signal. (B) The 

downsampled map of PHI from (A) is correlated with the anion ratio in (C) the Raman map. The anion 

ratio was determined by Eq.1 at each Raman point. (D) A scatter plot shows the pixel matching 

correlating the PHI intensity and anion nitrile radical population from maps (B) and (C). (E) The 

average anion% from (D) at each PHI value is plotted and fit to a Boltzmann distribution. 
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The photothermal image was downsampled to match the pixel denisty of the Raman map (17 x 

17, 8 x 8 𝜇m) for a pixel by pixel analysis. The combined PHI-Raman analyses from four 

separate images per sample were combined and fit to a Boltzmann distribution. Figure 4 

illustrates the overall data processing applied across all the samples. The Boltzmann distribution 

equation (Equation 2) was modified to represent relative anion formation (Equation 3): 

𝑝𝐴𝑛𝑖𝑜𝑛 =
1

𝑄
exp (

−𝜀𝐴𝑛𝑖𝑜𝑛

𝑘𝑇
) =

exp(
−𝜀𝐴𝑛𝑖𝑜𝑛

𝑘𝑇
)

∑ exp(
−𝜀𝐴𝑛𝑖𝑜𝑛

𝑘𝑇
)𝑀

𝑗=1

     (2) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑛𝑖𝑜𝑛 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 =
100

𝑄
exp (

−𝜀𝐴𝑛𝑖𝑜𝑛

𝑘𝑇
)     (3) 

Where 𝜀𝐴𝑛𝑖𝑜𝑛 is the energy associated with the formation of anion nitrile radical species, 𝑝𝐴𝑛𝑖𝑜𝑛 

is the probability of the anion nitrile radical state, 𝑘 is the Boltzmann constant, 𝑇 is the absolute 

temperature, 𝑀 is the total number of states (2 in this case), and Q is a normalization factor. 

Photothermal signals have been shown to be linearly correlated with the change in the local 

temperature and can is described by the following equation40,44: 

𝑃𝐻𝐼 =
1

𝜋𝜔0
𝑛

𝜕𝑛

𝜕𝑇

1

𝐶𝑝𝜆2Ω

𝜎𝑎𝑏𝑠

𝐴
𝑃𝑝𝑢𝑚𝑝𝑃𝑝𝑟𝑜𝑏𝑒Δ𝑡     (4) 

𝜔0 is the probe beam focal radius (beam waist), 𝑛 and 
𝜕𝑛

𝜕𝑇
 is the refractive index and the 

temperature coefficient of refractive index of the medium, 𝐶𝑝 is the heat capacity of the 

photothermal medium (PAN), Ω is the modulation frequency, 𝐴 is the diffraction limited area 

(
𝜆

2𝑁𝐴
), 𝜆 is the wavlength of the probe beam, Δ𝑡 is the integration time by the lock in amplifier. 

The 𝑃𝑝𝑢𝑚𝑝 and 𝑃𝑝𝑟𝑜𝑏𝑒 are the power of the modulated pump and probe beams respectively. Since 
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the experimental conditions across samples are not changed, the only variable of interest is now 

𝜎𝑎𝑏𝑠 , which is essentially the absorption coefficient of the nanoparticles. At the wavelengths 

investigated, the absorption coefficient of the nanoparticles is significantly larger than the PAN, 

such that the PAN can be ignored. Since the PHI response is linear to the temperature change 

caused by absoprtion of the pump beam, the electron transfer response to PHI signal can now be 

represented when comparing across different samples as follows: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑛𝑖𝑜𝑛 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐴 exp (𝐵
1

−𝑃𝐻𝐼
)   (5) 

where A is the saturation, which should theoretically be 100, and 𝐵 =
𝜀𝐴𝑛𝑖𝑜𝑛

𝑘
 . Utilizing this new 

model, Figure 5 shows the correlation between electron transfer and heating of nanoparticles in 

PAN films on glass slides.  

As shown in Figure 5D, the PAN film does not show a dramatic increase in the PHI 

signal, indicating a lack of absorbance of the 405 nm pump beam. The silicon incorporated film 

shows high values of PHI signal intensities, but the lack of ionization indicates that pump 

induced heating itself is not enough to produce hot electrons to transfer to the nitriles in PAN. 

Gold and silver nanoparticles show a high degree of electron transfer to PAN and follow the two 

state Boltzmann distribution model with the increase in the intensity of the PHI signal. The 

exponent component of the fits is lower for gold than silver, suggesting the processes require less 

energy with the gold nanoparticles.  The increased PHI signal indicates that heating facilitates 

the electron transfer with plasmonic nanoparticles. The same analysis was done with electrospun 

PAN nanofibers. Gold and silver nanoparticles in electrospun PAN fibers follow the same trend, 

as observed in PAN films. Interestingly, our data show that the fibers require lower energy 
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(smaller exponents in the Boltzman fit) to form the anion nitrile radical state, suggesting that 

anion formation may be favored in the fibers compared to the films. 

 

One explanation for the preferred anion formation in the fibers could be the difference in 

molecular orientation of the substrates. Orientation can effect the ionization capabilities of the 

nanoparticles and possibly the refractive index of PAN. The orientation of electrospun 

nanofibers have been shown to be more ordered on the outside of the fiber compared to the 

Figure 5. The plot of -1/PHI intensity vs Anion % for gold (A), silver (B), silicon (C), and 

no (D) nanoparticles in PAN fibers (black) and films (red), observed with a 405 nm pump 

beam in the PHI measurement. The green points indicate cyclization reaction of PAN, 

proposed in Figure 8A. 
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films,45–48 but the nanoparticles are shown to be in the inside (Figure 6) so molecular orientation 

alone cannot explain the huge difference in the energy states. Another possible explanation is the 

different aggregation states of the nanoparticles. Aggregation of the nanoparticles occurs when 

the attractive forces between nanoparticles, mainly van der Waals, dominate over repulsive 

forces like electrostatic forces and steric interactions.49 Since electrospinning requires high 

voltages, nanoparticles that are electrospun often aggregate differently than those in films. This 

difference arises from the applied voltage polarizing the polymer solution, causing nanoparticles 

to be positively charged on one side and negatively on the other, allowing for linear alignment 

and aggregation due to electrostatic attractions between nanoparticles.50 Conversely, 

nanoparticles in drop-cast films show signs of random clustering. Liu, et al. showed that gold 

nanoparticles, less than 10 nm diameter, decreased in efficiency for hot carrier generation with 

size.51,52 The change in carrier generation with size may support decreased efficiency in 

randomly clustered aggregated compared to the regular alignment in fibers. SERS experiments 

using nanoclusters have shown optical rectification to occur that is evident through a slight shift 

in the CN stretch arising from the Stark effect.35,53 This Stark shift occurs due to the polarization 

of charges within nanojunctions, forming a quasi DC field. If this DC-field is the case, it could 

affect the electron transfer capabilities of aggregated nanoparticles. 
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Confinement within the nanofibers may also contribute to the difference between the film 

and the fibers. As shown in Figure 6, less PAN is locally availiable for heat dissipation and 

electron transfer of the aggregated nanoparticles in fibers. The lack of heat dissipation allows the 

PAN close to the nanoparticles and heat up faster, resulting in faster ionization.  

Results in Figure 5 indicate that gold nanoparticles are more efficient than silver 

nanoparticles as a hot carriers. This efficiency difference is the opposite of what one might 

expect, due to silver nanoparticles having stronger plasmon resonances54 and higher frequency, 

which aligns more closely to the 405 nm pump beam than the plasmon frequency of gold 

(Figure 2). Besteiro et al. report that silver nanoparticles are four times more efficient at 

Figure 6. TEM images of silver (A) and gold (B) nanoparticles in electrospun 

PAN fibers. (C) and (D) show silver and gold nanoparticles drop cast on the TEM 

grid, respectively. Scale bars indicate 100 nm. 
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generating hot electrons than gold nanoparticles.55 Note that the silver nanoparticles appear more 

prone to aggregation compared to gold nanoparticles in the electrospun fibers (Figure 5A and 

5B, respectively). The results indicate that aggregation of nanoparticles may matter more than 

the chemical differences between gold and silver nanoparticles. 

Environmental factors, such as chemical interactions56 between the nitriles and 

nanoparticles may also contribute to the less prevalent formation of anion nitriles on the silver 

nanoparticles. Another potential factor is the oxide formation on the surface of the silver 

nanoparticles, which can inhibit hot electron transfer between the metal and nitrile moieties of 

PAN. Oxygen reduction on the silver nanoparticles could compete for hot carriers and contribute 

to the oxide layer.57,58 
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To compare the ionization efficiency of plasmonic nanoparticles at a lower pump beam 

energy, a 532 nm pump beam was investigated. The lower energy laser is expected to decrease 

the ionization efficiency of the plasmonic nanoparticles, which agrees with Figure 7 where the 

preexponential 𝐴 value does not reach 100%. The 532 nm pump laser does not show evidence of 

ionization or heating in the PAN film without nanoparticles under the conditions used here. 

Silicon nanoparticles still result in heating, but no ionization is observed. Gold and silver 

nanoparticles show a degree of ionization, which increases as the relative temperature increases. 

Figure 7. The plot of -1/PHI intensity vs Anion % for gold (A), silver (B), silicon (C), and 

no (D) nanparticles in PAN fiber (black) and films (red), observed with a 532 nm pump 

beam for the PHI measurement. The green points indicate cyclization reaction of PAN, 

proposed in Figure 8A. 
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Gold nanoparticles in the nanofibers on the other hand, start at a higher anion percentage and the 

relative anion fraction does not seem to increase with temperature, indicating saturation of anion 

nitrile radical formation at a much lower temperature. 

In Figure 7, the green portion of the data observed from the fibers does not fit with the 

two state Boltzmann distribution. The deviation from the Boltzmann model may be explained by 

the well-known cyclization of PAN, which is a structural change in PAN occurring at 

temperatures between 180℃ and 250℃.59 This cyclization is a dehydrogenation reaction, 

transforming the C ≡ N triple bond into a ring structured C = N double bond, and will affect the 

nitrile population approximated in Eq 1. The reaction mechanism proceeds as shown in Figure 

8A. Silver nanoparticles appear to catalyze this reaction, with the cyclization reaction occurring 

at a lower temperature than in the absence of the silver particles, and beginning graphitization at 

200℃.60  

 Figure 8 shows the Raman spectra of PAN films incorporating either silver, gold, or 

silicon nanoparticles at a relatively high temperature. The spectra were selected from pixels 

showing high PHI intensity [PHI >5000, equivalent to (-1/PHI ) > -0.0002]. Raman peaks at 

1598 cm-1 and 1096 cm-1 are observed when silver nanoparticles are incorporated into PAN 

films. These peaks correspond to the formation of C=N and C=C ring structures, which are not 

evident in the other nanoparticle incorporated films. The 480 cm-1 band in the silicon 

incorporated PAN film corresponds to the silicon oxide band, found on the outer layers of the 

silicon nanoparticles. With the assumption that the same PHI intensities of different samples are 

equal in temperature, our data are consistent with silver catalyzing cyclization. While silicon 

nanoparticles heat more (show higher PHI intensity) than silver and gold nanoparticles, no 

cyclization was detected by Raman in the silicon nanoparticle samples. 
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Conclusion 

Figure 8. (A) The reaction mechanism for the dehydrogenation and cyclization of PAN to 

cyclized ring structure is shown. (B) Raman spectra are shown from PAN films 

incorporating silver (blue), gold (red), and silicon (yellow) nanoparticles and a PAN film 

(black), collected during a PHI measurement with a 532 nm pump beam and 633 nm probe 

beam. The spectrum was collected from a bright region (PHI > 5000; -1/PHI > -0.0002) 
from the PHI map, indicating a relatively high temperature profile. The emergence of new 

peaks in silver supports a cyclization reaction. 
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A combined photothermal heterodyne imaging and Raman setup was utilized to study the 

relationship between the heating and hot electron transfer efficiency of plasmonic nanoparticles. 

Polyacrylonitrile (PAN) was used as a matrix due to nitriles acting as a good internal calibrant 

(ionized nitrile vs non-ionized nitrile) for SERS. Our data shows that heating of plasmonic 

nanoparticles (gold and silver) produces more radical anion nitriles, indicating that the rate of hot 

electron transfer is affected by the temperature of the nanoparticles. Silicon nanoparticles, which 

lack a LSPR and associated induced hot carriers, do not show signs of electron transfer, even at 

higher relative temperatures. PAN films and fibers were compared to assess the impact of 

structure on the heating and ionization from the plasmonic nanoparticles. The results show easier 

heating and ionization of the particles in fibers, but a rapid heating environment causes unwanted 

cyclization reaction of PAN which affects the model used to compare the ionization efficiency of 

the nanoparticles. The results suggest that differences in the chemical environment and possible 

aggregation of the nanoparticles could explain discrepancies with existing models. It is 

postulated that aggregation affects the nitrile anion formation efficiency with plasmonic 

nanoparticles, where more dispersed nanoparticles are more efficient. 
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