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ABSTRACT 

Visible light can effectively drive chemical reactions in plasmonic molecular junctions owing to 

the high reactivity of adatoms at the surface of plasmonic metal nanostructures and the localized 

surface plasmon resonance (LSPR) induced energetic charge carriers (electrons and holes) and 

heat. Here, we investigated the dehydration reaction of primary amides, which is important to 

generate valuable nitrile molecules, in the visible-light irradiated self-assembled gold nanoparticle-

aromatic primary amide-gold nanoelectrode junctions in aqueous solution at the ambient 

conditions. At present, the research on the dehydration reaction of the primary amide group is only 

at the macroscopic level, limiting the mechanistic study of reaction dynamics and intermediates. 

Using time-resolved surface enhanced Raman spectroscopy (SERS) with 10s of millisecond time 

resolution, we successfully followed the evolution of the SERS spectra along with various transient 

spectral changes during the rise of nitrile vibration peak. Combined with density functional theory 

and picocavity model, we revealed most pronounced transient spectral changes were from the gold 

surface adatoms coupled reaction intermediates. The adatoms produced picocavities with strong 

atomic size local field, which strongly enhanced the SERS signals of the intermediates down to 

sub single-molecule resolution. The active adatoms played critical roles in producing, interacting 

and stabilizing the intermediates. We have determined the complex reaction pathway involving 

multiple proton transfer steps and intermediates with signature carbon-nitrogen double and triple 

bonds. 
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INTRODUCTION 

Noble metal nanoparticles (NPs) such as gold NPs (GNPs) formed plasmonic molecular junctions 

have emerged as exciting nanoscale chemical reactors. Supported small GNPs are chemically 

reactive and have been used as effective heterogeneous catalysts in several chemical reactions at 

mild conditions.1 By shining visible light on the GNPs, the light energy can be harvested on the 

GNP surface through the localized surface plasmon resonance (LSPR), which further decays 

through the nonradiative pathways into heat and high-energy hot electrons and holes2 to catalyze 

chemical reactions on the GNP surface.3, 4 The concentrated light field in the junctions can also 

greatly amplify signals of surface enhanced Raman spectroscopy (SERS), which has been used to 

monitor the organic reactions in situ and in real time up to the single-molecule level.5 To study the 

mechanism of chemical reactions, it is important to probe the intermediates. However, due to the 

transient and dynamic nature of the intermediates, the mechanistic study of organic reaction by 

SERS in plasmonic junctions is still limited to a few simple reactions with few intermediates, 

including C-C bond cleavage,6 C-C bond cross-coupling,7 and 4-aminothiophenol (4-ATP) 

oxidation8 and 4-nitrothiophenol (4-NTP) reduction to p,p′-dimercaptoazobisbenzene (DMAB).9  

 

The dehydration of primary amide (-CONH2) to produce nitrile is a century-old method in organic 

chemistry. Due to the importance of nitrile and primary amide, continued efforts till today have 

been made to improve the reaction efficiency and condition.10, 11 The primary amide is a p-π 

conjugated structure in which the carbonyl group is the electron withdrawing group and the 

nitrogen atom can donate electron by resonance to the adjacent carbonyl group.12 Therefore, the 

NH bond is weakened while the CN bond is strengthened. To overcome the energy penalty of 

dehydration, catalysts are needed to speed up the reaction in a mild condition. In the classical 

methods, the reaction is catalyzed in organic solvent using dehydrating agents. The oxygen atom 

of the carbonyl group is first attacked by the nucleophile of the catalyst, which triggers 

deprotonation of the amine group and the following deoxygenation to generate the nitrile. Recently, 

it has been shown that the reaction can also be catalyzed by a metal.10, 13 However, the catalytic 

reactions are always studied in ensemble, and the reaction intermediates cannot be observed.  

 

In this study, the heterogeneous chemical transformation from aromatic primary amide to aromatic 

nitrile was catalyzed in self-assembled plasmonic molecular nanojunctions and probed in an 
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aqueous solution by time-resolved SERS (see Fig. 1) with 10s of millisecond time resolution. The 

signature Raman peak of the nitrile group was observed, confirming the dehydration 

transformation can indeed happen in the plasmonic junction even in the aqueous solution, which 

is attributed to the cooperative catalyzation by both the undercoordinated gold adatoms and hot 

electrons in the plasmonic junction. This reaction is also reversible and the produced nitrile was 

observed to be hydrated back to amide. Rich but complex transient SERS signals were also 

observed in the time-resolved spectra about 10% of the time. Aided by density functional theory 

(DFT) calculations and the recently developed picocavity model, we have thoroughly investigated 

the origin of the most frequently observed dynamic signals. Most of those pronounced dynamic 

signals with peaks different from the reactant and product molecules are linked to the ‘picocavities’ 

enhanced signatures of individual intermediates from the amide dehydration reaction. In the 

junction, the surface gold atoms undergo dynamic surface reconstruction and form adatoms. They 

generate so-called ‘picocavities’, which cause extremely high electric field enhancement on the 

atomic scale14 and enable single-molecule SERS detection.15, 16 The reactive gold adatoms form 

various metal-molecule complexes with reaction intermediates, helping to stabilize both the 

picocaivity and the intermediate with prolonged average lifetime of about 10 s. Based on the 

identified intermediates, we determined the reaction pathway of primary amide dehydration 

reaction in the plasmonic junction.  

 

Figure 1 | SERS measurements of the dehydration reaction of aromatic primary amide 4-MBAm in a 

NPoNE junction. a. Schematic of the SERS measurement on the NPoNE plasmonic molecular junctions 
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formed by the adsorbed GNP on a high density polyethylene (HDPE) insulated GNE with 4-MBAm modified 

apex. b. Left, SEM image of a 4-MBAm modified GNE apex with adsorbed GNPs. Right, the molecular 

structures of reactant 4-MBAm and product 4-MBN. c. The diagram illustrates the catalyzed dehydration 

reaction of tethered 4-MBAm to produce nitrile (4-MBN) in the hotspot.  

 

RESULTS AND DISCUSSIONS 

The chemical reaction of primary amide in the plasmonic molecular junction  

As shown in Fig. 1, SERS is conducted on the 4-mercaptobenzoamide (4-MBAm) modified gold 

nanoelectrode (GNE) apex. After adding 40 nm GNPs to the liquid cell, we monitored the 

evolution of SERS signals due to the adsorption of GNPs on the GNE apex.17 Fig. 2a(i) shows the 

representative time-intensity SERS trajectory in heatmap format within 1 min after adding GNPs. 

Two pronounced peaks quickly appeared and enhanced near 1080 and 1592 cm-1, suggesting the 

increased number of adsorbed GNPs and hotspots in the formed NP on NE structures (NPoNE). 

Following the two major peaks, two broad minor peaks near 1207 cm-1 and 1412 cm-1 gradually 

appear and become more obvious in some cases (see Fig. 2a(ii)). These peaks in the spectra are 

generally stable. A few minutes later, a new peak near 2237 cm-1 often appears (see a(iii)). Along 

with the new peak, more dynamic spectral changes with transient new peaks have been observed 

in the spectral range of 1000-1600 cm-1. The overall spectral intensity is generally stabilized in 

about 12 min. We then removed the free moving GNPs from the liquid cell and continued to 

monitor the spectral changes from the established NPoNE structures on the GNE apex. Based on 

the crude estimation (see section 3 of SI), there are less than 10 molecules in each hotspot and 

slightly over 1000 molecules in all the hotspots of the NPoNE structures.   

 

The time-averaged SERS spectra after normalization for the three trajectories in Fig. 2a are shown 

in blue color in Fig. 2b. To understand the observed SERS peaks, we conducted DFT calculations 

of possible structures using Gaussian09 software (see Fig. S5(1)-(3)), including the Au5-4-MBAm 

complex interacting with a Au4 cluster or a water molecule. The calculated spectra of the latter 

(Fig. 2b (2)) matched well the one shown in a(i), indicating when the junction is just formed, the 

4-MBAm is likely solvated with water molecules and only interacts weakly with the surface gold 

atoms of the GNP. The two major peaks are attributed to the stretching of benzene ring and are 

always observed in simple aromatic thiol molecules. According to the peak notations for two well-
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studied aromatic thiol molecules 4-aminothiolphenol and 4-mercaptobenzoic acid, the peaks at 

1080 cm-1 and 1592 cm-1 are referred to as 7a and 8a, respectively. We use the same notations here 

for convenience. The peak 7a is coupled with the v(C-S) vibration and is less affected by the 

changes of the amide group. Thus, we use this peak as the internal reference.  

 

Between a(i) and a(ii), the main difference is in the growth of two minor peaks between 7a and 8a. 

The minor peak at 1414 cm-1 is from v(CONH2) of 4-MBAm. The other minor peak near 1196 cm-

1 is missing in the calculated spectrum (2). One possible origin of this peak is from the deprotonated 

structure of 4-MBAm. The deprotonation of primary amide on the metal surface has been observed 

using SERS.18 In the deprotonated structure, which is named I1, a proton is removed from the 

nitrogen atom. As shown in (4) of Fig. 2b, the calculated spectrum from the molecular structure of 

the Au5/I1/Au5 complex features two minor peaks at 1222 cm-1 and 1423 cm-1, which are assigned 

to β(NH) and v(CONH-) of the I1 structure, respectively. They match well with the two broadened 

minor peaks in a(ii). We also did the calculation when the deprotonated nitrogen atom is only 

stabilized by a water molecule (see Fig. S5(7)), but the result did not match well with the one in 

a(ii).  

 

The second possible origin of the two minor peaks is from the tautomer structure of 4-MBAm 

(named I2), whereby one proton is transferred from the nitrogen atom to oxygen atom. The 

tautomer structure has been previously observed in gold-4-MBAm-gold junction by single 

molecule conductance measurements.19 Indeed, a new minor peak of β(NH) near 1189 cm-1 

appears in the calculated spectrum based on the Au5/I2/H2O complex (see Fig. S5 (4)-(5)). The 

peak near 1207 cm-1 in spectra (3) is also difficult to be differentiated between I1 and I2 (see Fig. 

S5 (5)-(8)). Although there are small shifts in the peak positions, the two minor peaks of I1 and I2 

cannot be separated in broadened minor peaks of the time averaged spectra a(i) and a(ii). Both 

spectra likely have contributions from 4-MBAm and its tautomer and deprotonated structures. 

Both I1 and I2 may appear shortly in the newly formed plasmonic junctions. 

 

In a(iii), a unique peak near 2237 cm-1 appears, which is most likely from the stretching vibration 

of nitrile group (v(C≡N)),20, 21 indicating the appearance of 4-mercaptobenzonitrile (4-MBN) in 

the hotspots of NPoNE structures. In the calculated spectrum of Au5/4-MBN complex (Fig. 2b(7)), 
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the v(C≡N) peak is even higher than peaks 7a and 8a. By simply adding the calculated spectra of 

4-MBAm (Fig. 2b(2)) and 4-MBN (Fig.2b(7)) with 1:1 ratio (Fig.2b(6)), the new spectrum is 

closer to the averaged spectrum a(iii). Therefore, the spectrum a(iii) is contributed from both the 

reactant 4-MBAm and its product 4-MBN. In addition, the two middle peaks are more obvious, 

suggesting that I1 and I2 are also present. 

 

Fig. 2c shows a representative SERS trajectory during the onset of the signature nitrile peak of 4-

MBN near 2237 cm-1. Fig. 2d shows the corresponding time trace of the peak area ratio IAv(C≡

N)/IA7a. The peak area (IA) in the background corrected spectra (see S4 of SI) is proportional to the 

number of contributing molecules (N) through equation IA=Nσ, where σ is the relative cross 

section of the molecule. Based on the DFT calculation, the σ values of 7a are similar for both 4-

MBAm and 4-MBN molecules thus IA7a is proportional to the total number of molecules.9, 22 In 

contrast, IAv(C≡N) is only from 4-MBN. Therefore, the peak area ratio IAv(C≡N)/IA7a is proportional 

to the number ratio of 4-MBN to total molecules in the hotspots.  Large fluctuations are observed 

in the IAv(C≡N)/IA7a time trace in Fig.2d. Therefore, there are likely only a small number of 4-MBN 

molecules in the junctions and these newly produced 4-MBN molecules are not stable and may be 

transformed back into 4-MBAm by hydrolysis.23 However, the instability of gold adatoms may 

also contribute to some of the fluctuations. The 2237 cm-1 peak appears most of the time (over 

80%) of the measurements, suggesting the reaction is effective and the produced 4-MBNs present 

in the hotspots most of the time.  

 

The chemical reaction from 4-MBAm to 4-MBN inside the plasmonic junction is likely catalyzed 

by plasmon and the gold nanostructures on the surfaces of GNP and GNE. To confirm the reaction 

is driven by plasmon, we measured the yield of 4-MBN under different laser power irradiations. 

As shown in Fig. 2e, the percentage of 4-MBN in the probable hotspots is plotted as a function of 

laser power. The results show that the number ratio of 4-MBN indeed increases with the laser 

power density. The plasmon-driven reaction maybe both induced by hot electron and plasmonic 

heating though a recent review suggests the latter is less likely due to the measured and calculated 

temperature increase is only in the order of 10s of kelvins in the hotspots.4 However, the 

temperature increase in the picocavities is more difficult to be probed.14 Because the picocavities 
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play important roles in the observed reactions here, we thus cannot exclude the contribution from 

the plasmonic heating. We also carried out control experiments by modifying the GNP surface 

with a layer of thiophenol molecules containing different end functional groups (see S6 of SI). The 

modified molecules not only suppress the effect of hot electrons generated at the gold surface but 

also interrupt the direct interaction and charge transfers between surface gold atoms of GNP and  

 

Figure 2 | The SERS results of catalyzed 4-MBAm to 4-MBN reaction in NPoNE structures. a. The 

stable SERS trajectory at early ((i) and (ii)) and later times (iii). b. The stacked spectra of 4-MBAm and 4-

MBN from SERS measurements and DFT calculations. c. The SERS time trajectory of 4-MBN generation.  

d. The corresponding time trace of peak area ratio IAv(C≡N)/IA7a. e. The derived molecular number ratio 

of 4-MBN as a function of laser power density. The star indicates the number ratio is 46% at the typically 
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used laser power density (8.14 μW/μm2). The error bar is the standard division of the results from 5 

measurements.  

the amide group of 4-MBAm. Among the amide, carboxyl and nitro functional groups, all three 

can suppress the appearance of the v(C≡N) peak but only the nitro group can fully prevent it. This 

is because the hydrogen atom of carboxyl and amide groups can interact with the electron-rich 

oxygen atom of the primary amide and accept the electron transfer through the nucleophilic 

interaction. The nitro group instead has two electron-rich oxygen atoms, which can effectively 

block the electron transfer from the oxygen atom of the amide group, thus preventing the 

deprotonation process of amide group. These control experiments suggest the dehydration reaction 

of primary amides in the NPoNE structure is likely catalyzed by both the plasmon conditions and 

the gold nanostructures. 

Probing the intermediate structures 

We also observed multiple dynamic and transiently enhanced peaks suddenly rising above the 

stable spectra. These peaks usually last for a few to tens of seconds and their patterns are not fully 

random. One or a few peaks appear repeatedly, and some peaks often appear and disappear 

simultaneously. These highly dynamic and synchronized changes are most likely single-molecule 

level signals and associate with picocavities (see below). Here we will discuss three more 

frequently appeared signal patterns, named as s-1, s-3, and s-5. Another two less frequently 

appeared signals s-2 and s-4 are discussed in SI. To understand these signals, we first conducted 

the DFT calculations using QuantumATK software to search and optimize the possible atomic 

structures of the Au-molecule-Au complex for these dynamic signals. By using the periodic 

structure of the gold cluster, the interaction between the molecule and gold atoms can be better 

simulated. Then the Raman spectra of the final structures were calculated by using Gaussian09 

software (for more details see method and section 7 of SI). The phenomena of a few suddenly 

appeared pronounced peaks cannot be generated by the single-molecule rotation motions.24 

Motivated by the recent picocavity studies in plasmonic junctions,14-16 we also calculated and 

compared the vibration mode enhancement due to picocavities at different locations near the 

molecule (see S10 of SI). Based on the results of DFT calculation and the chemical reaction 

mechanism of dehydration reaction of primary amide, we found that the signals s-1 to s-5 were 

from the intermediate structures in the catalyzed reaction of the primary amide.  

 



10 
 

One example of s-1 is shown in the trajectory of Fig. 3a(i). Two new peaks are suddenly greatly 

enhanced at 109 s and lasted for about 66 s with significant intensity fluctuations. In Fig. 3b(i), 

two transient spectra taken from the trajectory before and after the onset of s-1 are compared. We 

also analyze the statistical distributions of the peak positions for both peaks (Fig. 3c(i)). Their 

mean values are 1277 cm-1 and 1495 cm-1. After conducting DFT calculations for more than 10 

structures to match the two newly arise peaks, we determined that the s-1 signal was from the 

deprotonated structure I1. The proposed molecule-metal complex structure for s-1 is shown in Fig. 

3d(i). Two gold adatoms interact simultaneously with both the nitrogen and oxygen atoms of I1, 

helping stabilize I1 and induce two major vibration modes β(NH) and v(CONH-). The peak 

positions of both vibration modes are sensitive to the gold-molecule interaction (see Fig. S15a of 

SI). Meanwhile, the gold adatoms near the oxygen and/or nitrogen atoms may produce picocavity 

effect, greatly enhancing the two modes of β (NH) near 1276 cm-1 and v(CONH-) near 1482 cm-1. 

This is demonstrated by the blue lines in Fig. 3b(i), representing the calculated vibration modes 

after the picocavity enhancement effect based on the structure shown in Fig. 3d(i). As shown in 

Fig. S12, by positioning the picocavity at different locations, the enhancement, and wavenumbers 

for these two vibration modes can change dramatically. Similar to s-1, another picocavity 

stabilized I1 signal s-2 is discussed in S11 of SI. 

 

Fig. 3a(ii) shows a representative SERS time trajectory containing s-3, which occurred from 58 s 

to 71 s with a pronounced new peak appearing at the left side of the 8a peak. The new peak is also 

obvious in the transient spectrum (red color) in Fig. 3b(ii). As shown in Fig. 3c(ii), its mean peak 

position is at 1525 cm-1. This peak is also greatly enhanced in the anti-Stokes spectra (see Fig. 

S16), suggesting its picocavity origin.14  Based on DFT calculations (see Fig. S17), we also 

confirmed that this suddenly increased lone peak could only be simulated by introducing a highly 

localized electromagnetic field of picocavity. One final structure with a picocavity is shown in Fig. 

3d(ii). The tautomer structure of 4-MBAm (I2) interacts with the protruded gold atom through the 

N atom. The undercoordinated gold atom at the top withdraws electron from the N atom, helping 

to stabilize I2. This gold atom also forms a picocavity to greatly enhance the v(C=N) mode, as 

shown by the calculated vibration modes in blue lines in Fig. 3b(ii). The enhancement is highly 

sensitive to the relative positions of the gold and nitrogen atoms (see Fig. S17). The peak position 

of the v(C=N) mode is greatly affected by the details of the Au-N interaction as shown in Fig. S18. 
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As we discussed in section 1, the signal of I2 is difficult to be isolated from others in the stable 

spectra. Here, the picocavity enhanced signal helps to confirm the existence of the tautomer 

structure I2. 

 

Fig. 3a(iii) shows the SERS trajectory containing s-5 with a characteristic new peak near 2050 cm-

1 occurring from 10 s to 27 s. The corresponding transient spectra are shown in Fig. 3b(iii). 

Compared with the nitrile peak near 2232 cm-1, this new peak is highly unstable and fluctuates 

significantly in its position and intensity. This is also demonstrated by comparing the broad 

distribution of this peak with the very narrow distribution of the nitrile peak (green color) in Fig. 

3c(iii). Considering its spectral position and dynamic nature, we speculate that this new peak 

originates from an unstable and weakened nitrile group (or enhanced C=N double bond, named C

≌N here). The nitrile peak intensity and position are highly sensitive to the neighboring functional 

group and local solvation, electrostatic and chemical environment.25 For example, with interaction 

to metal ions, the C≡N triple bond is weakened and down shifted to about 2100 cm-1.16, 21, 26 We 

occasionally also observed a relatively stable small peak around 2130 cm-1 next to the major nitrile 

peak. With stronger interactions, the C≡N triple bond can be further weakened and its vibration 

peak has been observed with further red-shifts to around 2000 cm-1.27 From DFT calculations, this 

peak is likely from the C≌N bond of a transition structure named T5, which is the transition 

structure between intermediate I3 (see section S13 of SI) and the final product 4-MBN. In the 

simulated Au2/T5/Au5 complex structure (see Fig. 3d(iii)), the gold atom interacts with both the 

oxygen and nitrogen atoms, which stabilizes T5. The weakened C-O bond of T5 leads to the 

enhanced C=N double bond. As the orange color spectrum shown in Fig. 3b(iii), the calculated 

v(C≌N) peak of T5 matches very well with the signature peak of s-5. The peak intensity can also 

be enhanced by the gold atom interacting with the CN group, as shown by the blue line in Fig. 

3b(iii). 
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Figure 3 | The three frequently appeared dynamic signals (s-1 ((i)), s-3 ((ii)) and s-5 ((iii)). a. The 

representative SERS time trajectories. b. The two transient spectra when the signal is on (red) and off 

(black) at the time points indicated by the arrows in a. The spectra in orange color are the calculated spectra 

and the blue lines indicate the modes enhanced by the picocavities. c. The distributions of the spectral 

positions of the signature peaks. The N is the number of frames for each signal. The orange lines are the 

Gaussian fits. The error of the mean peak position is taken as the half width at half height of the fit. The 

green peak in (iii) is from the nitrile peak and used here for the comparison. d. The best-matched 

intermediate structures with picocavity positions for DFT calculations in b. 

 

As shown in Fig. 4a, we also counted the number of occurrences (orange) and total occurrence 

times (green) for the four most frequently observed dynamic signals which is s-1, s-2, s-3 and s-5. 

It's worth noting that there are very few s-4 signals, so we have no statistics. We select only the 

individual signals with defined starting and ending times. The occurrence counts follow an order 

s-5 > s-3 > s-1 > s-2. The percentage of total occurrence time is calculated by dividing the total 

occurrence time of each type of signal by the total measurement time. All these signals can only 

be observed in less than 4% of the total measurement time.  For the percentage of occurrence time, 
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the trend is the same as the counts. Surprisingly, s-5 has the highest percentage. It should be noted 

that the statistical data here are only for the observable single-molecule signals. A lot of I1 and I2 

signals may not be detected if they are not stabilized and amplified by the picocavities. In addition, 

the signature peak of T5 is outside the crowded spectral region and can be easily identified. Fig. 

4b shows the lifetime distribution on the logarithmic scale for these signals. They all have a 

lifetime on the scale of 10 s. The gold adatom-intermediate interaction apparently plays an 

important role in extending the lifetime. The lifetime of s-2 is slightly longer than others, which 

could indicate that the picocavity generated by I1-Au interaction is more stable than others.  

  

Figure 4 | The statistical results for four types of dynamic signals. a. The occurrence statistics for four 

dynamic signals. The orange columns represent the occurrence counts and the green columns represent 

the percentage of occurrence time over total recording time for each type of signal. The error bar is 

calculated based on three repeated experiments. b. The distributions of event lifetime in log scale are 

shown in the scatter plots (gray triangle dots). The solid lines are the Gaussian fits. The corresponding box 

charts are shown on the left side of the scatter plots. The solid square dots represent the mean values of 

the lifetime. The mean lifetimes of s-1, s-2, s-3 and s-5 are 9.3 s, 16.6 s, 11.9 s and 12.9 s, respectively. N 

is the total number of events from 3 repeated experiments.

 

Direct tracking the reaction dynamics 

In the experiments, we observed not only the transiently appeared signals of individual 

intermediates, but also the dynamic transition between these intermediates. Several representative 

SERS trajectories are shown in Fig.5 and Fig. S21. The trajectory in Fig.5a shows the chemical 

transformation from I2 to T5. Three transient spectra during the dynamic conversion are shown in 

Fig.5b, which provides more details of the spectral changes. Near time point 220 s, s-3 signal with 
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its signature peak near 1539 cm-1 appeared, suggesting the presence of I2. Near time point 242 s, 

signal s-3 suddenly disappeared, followed by the appearance of s-5 with its signature peak near 

1821 cm-1, suggesting the appearance of T5. The s-5 signal remained for around 56 s and then the 

spectra returned to the stable spectra of 4-MBAm and no new v(C≡N) peak was observed. 

Therefore, the T5 likely returned to 4-MBAm instead of becoming the final product 4-MBN. 

  

Figure 5 | Dynamic spectral changes of transformation between intermediate structures and 4-MBN 

product. a. Representative SERS trajectory of transformation from I2 to T5. b. Three transient spectra at 

the selected time points in a. c. Typical SERS trajectory in the heatmap of 7a (top panel), v(C≌N) and v(C

≡N) modes (bottom panel) for the transitions between T5 and 4-MBN. d. The corresponding intensity ratio 

(Iv(C≡N)/I7a, black) time trace. The solid red line is the step function fitted curve. 

 

Fig.5c shows another trajectory highlighting the changes in modes 7a, v(C≌N) and v(C≡N) to 

show the reversible transitions between T5 and product 4-MBN. I7a is almost unchanged, 

suggesting the overall light field in the hotspots is relatively stable. In contrast, significant spectral 
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changes are observed in the traces of the v(C≡N) and v(C≌N) modes. The v(C≌N) mode is in 

the range of 1900~2050 cm-1 and the v(C≡N) mode is at around 2240 cm-1. Interestingly, we 

found that the intensity changes of v(C≌N) and v(C≡N) modes are anti-correlated. For example, 

as indicated by the red arrows at 1.5 s and 4.3 s, the abrupt drop of Iv(C≡N) and the sharp increase 

of Iv(C≌N) happen simultaneously, reflecting the chemical transformation from 4-MBN to T5. 

Similarly, the spectral change at 3.5 s, as indicated by the gray arrow, suggests the conversion 

from T5 to 4-MBN. Fig.5d shows the corresponding time trace of the intensity ratio Iv(C≡N)/I7a in 

which we selected the 7a mode as the internal reference because it is less affected by the reaction 

of the amide group. The stepwise changes of the intensity ratio reveal the reversible conversions 

between 4-MBN and T5 occurred in the junction. The anti-correlated changes strongly suggest the 

dynamic changes are from only one nitrile group in the hotspots.9  

Proposed reaction route of primary amide in a plasmonic junction. 

To understand the experimental results, we have used DFT to calculate the Raman spectra and 

energies of many possible intermediates and transition states. Based on the experimental and 

calculation results, we propose the reaction pathway from 4-MBAm to 4-MBN in the plasmonic 

junctions, as illustrated in Fig.6a. The corresponding energy landscape is shown in Fig. 6b, which 

includes the energies for all intermediates along with the proposed reaction pathway and the 

corresponding transition states. The energies (∆E+∆G) are the sums of electronic and thermal free 

energies calculated at 298.15 K. In the reaction pathway, the interaction with the gold atom is 

required to complete the pathway. Water molecules may also be involved in the reaction pathway 

(see S22 of SI), which can slightly reduce the reaction energy barriers, especially in the first two 

steps for the amide-iminol tautomerism. The tautomer structure I2 has the lowest energy among 

the three intermediates, suggesting I2 is relatively stable. In this pathway, the rate-limiting step is 

the generation of I3 with a steep energy barrier of 2.4 eV. The energy barriers to reach all the 

intermediates are bigger than the room temperature thermal energy at 0.025 eV. Therefore, the hot 

electron generated in the plasmonic junction is necessary to catalyze these reactions. It should be 

mentioned that all these chemical transformations seem reversible in the plasmonic junction (see 

Fig.5 and Fig. S21). For example, when a hydroxide ion attached to the gold adatom interacts 

strongly with the carbon atom of the 4-MBN nitrile group, the 4-MBN would first become T5 and 

then be hydrated back to become I2 or I1, coupled with the proton transfers.  
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As shown in the first two steps, the reaction is initiated by the amide-iminol tautomerism, induced 

by the relocation of a proton from the nitrogen atom to the oxygen atom in the primary amide 

group.28 The proton transfer is often assisted by the nearby water molecule or gold surface. The 

catalytic effect of gold is also supported by the control experiments using chemically modified 

GNPs (Fig. S6). In the first half of the proton transfer process, one proton leaves the nitrogen atom 

to bind with the gold adatom of GNP, resulting in the deprotonated 4-MBAm structure in the 

junction as I1. The deprotonation of primary amide in plasmonic junctions at the neutral pH has 

been reported previously.18 This ionized intermediate needs to interact with the gold adatoms to 

be stabilized. The variety of binding configurations with the gold adatoms leads to a large variation 

in the spectra, as shown in the s-1 and s-2 signals. In the second half of the proton transfer process, 

the proton attached to the gold adatom binds with the oxygen atom to complete the tautomerization 

of amide. The resulted imidic acid form (I2) is often observed in the SERS measurements as s-3 

signal. The signature v(C=N) peak of s-3 also reveals the presence of Au-N interaction for I2. The 

charge transfer from N to Au helps to stabilize the I2 structure.  

 

The following two steps (3 and 4) of the reaction are the departure of the second proton from the 

nitrogen atom. Assisted by the hot electron, the second proton leaves the nitrogen atom to bind 

with the gold adatom of GNP, resulting in another deprotonated structure I3 corresponding to s-4 

signal in the junction. It is worth noting that I3 has two structural isomers named as I3-1 and I3-2, 

in which the proton of O atom can flip from one position close to the N atom to another position 

away from the N atom. According to the calculation results, from I3-1 to I3-2, the C=N bond 

becomes slightly stronger, resulting in a higher wavenumber of the v(C=N) peak of I3-2 than that 

of I3-1. Only I3-2 can be transformed into T5 transition state. Based on the calculated v(C=N) 

peak of I3-2 near 1665 cm-1, we found a few I3-2 signals in experiments (see Fig. S20). After 

losing two protons, the ionized nitrogen atom needs to interact strongly with the gold adatom to 

stabilize the charged I3. The relatively rare I3 signal in the experiment suggests the strong Au-N 

interaction is difficult to be established or short-lived.  

 

Step 5 of the reaction is the deoxygenation, likely triggered by the movement of gold adatom 

interacting with the N atom of I3-2. When the gold adatom moves closer to the oxygen atom, the 
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gold adatom may interact with both the N and O atoms, promoting the formation of T5. Due to the 

Au-O interaction, the C-O bond is weakened while the C=N bond of I3-2 is strengthened towards 

a triple bond. The T5 is highly unstable, and the signature peak of v(C≌N) fluctuates greatly in 

the observed spectra (see Fig. 2d and S20 of SI). Finally, in step 6, with the further increased Au-

O interaction, the C-O bond of T5 fully breaks and the product 4-MBN forms with the normal C

≡N bond (nitrile group), indicated by the stable signature peak near 2240 cm-1 in the experiment. 

We also conducted intrinsic reaction coordinate (IRC) calculation along the reaction path from I3-

2 to 4-MBN. The black line in Fig. 6c shows the single point energy change along the reaction 

path. The CN bond length (red line in Fig. 6c) of the structures along the forward pathway 

decreases continuously. The CN bond length dropped especially fast during the conversion from 

I3-2 to T5, revealing the significant change of the CN bond from the double bond to the triple 

bond.  

 

The stretching of the CN bond contributes to the signature peak of most intermediates and product 

4-MBN. The shortened CN bond length implies the blue-shift of the peak position of the v(CN). 

We have calculated the Raman spectra of several structures along the I3-2 to T5 reaction pathway 

(see Fig. 6c). In addition, we also calculated several structures of I2 with different C=N bond 

length induced by different Au-N interactions (see Fig. S18). Indeed, as shown in Fig. 6d, the peak 

position of v(CN) blue-shifted continuously from near 1500 cm-1 of I2 to about 2000 cm-1 of T5, 

which further extended to 2240 cm-1 of 4-MBN. For comparison, we showed the representative 

SERS trajectories containing dynamic signals of I2, I3-2, and T5 in Fig. 6e. Three transient spectra 

are shown in Fig.6f for each intermediate. The significant fluctuations of the v(CN) peak in 

experiments match well with the CN bond length change induced v(CN) peak position changes in 

calculations. 
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Figure 6 | The reaction path diagram and the energy calculations. a. The diagram of the proposed 

reaction path from 4-MBAm to 4-MBN in the plasmonic junctions. The structures of the transition states T1 



19 
 

to T4 are shown in Fig. S22. ∆H is the reaction enthalpy. b. The corresponding relative energies calculated 

by DFT for all the structures. c. The energy and CN bond length changes along the reaction path from I3-

2 to 4-MBN. d-f. The calculated spectra (d), representative SERS trajectories (e), and the corresponding 

transient spectra (f) at the time pointed by the white arrows in (e) for I2 (i), I3-2 (ii) and T5 (iii). The signature 

peaks of v(CN) are shown in red color in (d) and (f). The structures corresponding to d(i) are discussed in 

Fig. S18. 

 

It is also interesting to note that several intermediates can be observed with tens of seconds lifetime 

in the SERS measurements. The lifetime is surprisingly long, considering the much higher total 

energies of these intermediates. It has been reported that the nanoscale confinement of the 

nanocavities can reduce the entropy S.29 Highly stable picocavity with lifetime longer than 1 s was 

also observed due to the metal-nitrile interactions in the plasmonc junctions.16 Here, the Au-N or 

Au-O interactions with the intermediates limit the freedom of the molecule thus reducing ∆S. 

Further, the local temperature is expected to be higher in the nano- or picocavity. Considering the 

Gibbs free energy ∆G=∆H-T∆S, where ∆H is the reaction enthalpy and T is the reaction 

temperature. The negative entropy change ∆S and higher local T in the junction will increase the 

∆G of possible transformations for unstable intermediates. The higher ∆G thus reduces the 

transformation rate and stabilizes the intermediates for observation.  

CONCLUSION 

In summary, the plasmon-assisted hydration reaction from aromatic primary amide to aromatic 

nitrile has been successfully observed in real time by SERS in plasmonic molecular junctions 

formed in the NPoNE structures. In an aqueous solution with neutral pH at room temperature, the 

nitrile peak can be observed more than 80% of the time and about 40% of molecules in the hotspots 

are converted to 4-MBN irradiated by the low power laser, suggesting the reaction was effectively 

catalyzed by cooperative hot electron and GNP catalysis. In the time-resolved SERS measurements, 

stochastic and transient signals other than the signature peaks of 4-MBAm and 4-MBN are also 

observed in about 10% of the time. By using DFT calculations and the picocavity model, the origin 

of transient spectral changes can be explained reasonably well by gold adatom complexed reaction 

intermediates. We found that gold adatoms played crucial roles in the measurements. These 

dynamic and active gold adatoms may be generated due to the thermal fluctuations of surface gold 

atoms or the interactions with the immobilized molecules. They help to catalyze the reaction, 
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stabilize the otherwise short-lived intermediates, generate signature spectral changes, and provide 

enormous enhancement to the local optical field to boost the SERS signal. From the identified 

intermediates, we revealed the two proton transfer steps and the evolution of CN bond from single 

to double to triple during the dehydration reaction process. We also observed the reaction was 

reversible, providing insights for the metal catalyzed hydration reaction of nitrile to amide in 

water.30 Further, we demonstrated that the molecule stabilized picocacvities on the gold surface 

are key to understand the stochastic and complicated SERS signals. The combined DFT (with 

picocavity model) and the in situ time-resolved SERS approach can be a valuable tool to gain 

mechanistic insight to complex multistep organic reactions catalyzed in plasmonic junctions.  

 

EXPERIMENTAL METHODS 

Chemicals. The 4-MBAm was synthesized as discussed in S1 of SI. Phosphate Buffered Saline 

(PBS) powder (pH 7.3-7.5) and Absolute Ethanol (200 proof) were purchased from Fisher 

Scientific. Potassium ferrocyanide (98.5%, analysis grade) was purchased from Acros Organics. 

Citrate stabilized 40 nm diameter GNPs were purchased from Ted Pella, Inc. All the aqueous 

solutions were prepared using deionized water (~18 M ohm) purified by the Purelab system of 

ELGA/Siemens. 

SERS Measurements. SERS is performed on a home-built Raman microscopy setup based on 

a Nikon Ti-U microscope. Briefly, a 632.8 nm laser beam is focused by a 40x objective lens at the 

GNE apex that is placed in a liquid cell, which is installed on the microscope sample stage. The 

SERS trajectories are collected with a time resolution of 50 ms by a CCD camera (PIXIS 

100B_eXcelon, Princeton Instrument). The spectral resolution is about 2 cm-1. The typical laser 

power density on the GNE apex is 8.14 μW/μm2. 

The GNE (see S3 of SI) is used as the working electrode and the Ag/AgCl wire electrode is used 

as the quasi-reference electrode. All the measurements are performed at room temperature in 

electrolyte. The typical electrolyte is 10 mM PBS (pH 7.4). These GNEs gave no measurable SERS 

signals before GNP adsorptions, which is important to guarantee that the SERS signals are only 

from the molecules inside the hotspots of NPoNE structures. Initially, the liquid cell contains 

GNPs with a concentration of 150 pM. After stable 7a and 8a peaks are observed in the SERS 
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spectra (typically 12 mins), the GNP solution in the liquid cell is replaced with fresh 10 mM PBS 

solution. The GNP number density on the GNE apex is about 30/µm2 based on the SEM images. 

Data analysis. The SERS data were processed by custom programs written in Matlab and 

Labview, and OriginPro software. The background of the SERS spectra was removed after fitting 

by the Asymmetric-Least-Squares method (see Fig. S4). We also corrected the background effect31 

for most individual spectra by background division. The intensity is changed to intensity ratio after 

background correction. To select the dynamic signals, we picked the signals with their intensity at 

last 5 times higher than the baseline noise and with both clear starting and ending points.  

DFT calculations. DFT calculations were carried out with QuantumATK32 and Gaussian0933 

software packages. The energy calculation and the atomic structural optimization of the molecule-

gold cluster complexes were carried out with QuantumATK, which was based on the linear 

combination of atomic orbitals (LCAO) basis set approach. The calculation was carried out within 

the Generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional.34 The basis set was used at single zeta polarized level for Au 

atoms and double zeta polarized level for C, H, O, N and S atoms. To better simulate the electronic 

structure of gold nanostructures, we used the periodic gold crystal structures. In the next step, the 

Raman spectra of the optimized atomic geometries were calculated with Gaussian09 (see section 

8 of SI). In Gaussian09, the PW91PW91 exchange-correlation functional35 and 6-311g (d, p) basis 

set were used for molecules and the LANL2DZ effective core potential and basis set36 were used 

for gold atoms. The calculated Raman spectra were plotted by applying a Lorentzian function with 

a full-width at half-height (FWHH) of 5 cm-1. The scaling factor was set to 1.0056, which was 

close to the values previously used.37 The calculations in Gaussian09 assumed a uniform EM field. 

To simulate the influence of the highly non-uniform electric field in picocavity, we followed the 

procedures reported by Shin, H. H et al..15 The details are given in S10 of SI. 
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