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Abstract 

We report a photoelectron spectroscopy and computational study of hydrated N3
- anion 

clusters, N3
-(H2O)n (n = 0-16), in the gas phase.  Photoelectron spectra of the solvated azide 

anions were observed to consist of a single peak, similar to that of the bare N3
-, but the spectral 

width was observed to broaden as a function of cluster size due to solvent relaxation upon 

electron detachment.  The adiabatic and vertical electron detachment energies were measured as 

a function of solvent number.  The measured electron binding energies indicate that the first four 

solvent molecules have much stronger interactions with the solute anion, forming the first 

solvation shell.  The spectral width levels off at n = 7, suggesting that three waters in the second 

solvation shell are sufficient to capture the second shell effect in the solvent relaxation.  Density 

functional calculations were carried out for N3
- solvated by one to five waters and showed that 

the first four waters interact directly with N3
- and form the first solvation shell on one side of the 

solute.  The fifth water does not directly solvate N3
- and begins the second solvation shell, 

consistent with the observed photoelectron data.  Molecular dynamics simulations on both 

solvated clusters and bulk interface revealed that the asymmetric solvation state in small clusters 

persist for larger systems and that N3
- prefers interfacial solvation on water clusters and at the 

extended vacuum/water interface.   



 2

Introduction 

As a classical example of a strong nucleophile, the azide anion is of considerable 

importance in organic and inorganic chemistry.1-3  The structure and properties of N3
- have been 

well studied by various spectroscopic methods in the gas phase,4-7 solution,8-13 and crystal and 

solid matrices.14-16  Theoretical calculations have also been carried out on the electronic structure 

of the azide anion and its behavior in solution.17-23  Despite all the experimental and theoretical 

investigations in bulk solution, little information has been obtained about the microsolvation of 

the azide anion in water clusters, which can provide molecular level understanding about the 

azide-water interactions.  The large values of the quadruple moment and polarizability22 make 

N3
- a very special solute.  One interesting issue is whether azide anion resides on the surface or 

in the center of a water cluster and how the solvation state evolves upon increasing the cluster 

size.  

Gas phase photoelectron spectroscopy (PES) is an important tool for studying the 

energetics and dynamics of solvated anions.  It has been used to study the electronic structure of 

hydrated electron and halide anions. 24-28  Very recently, our group has investigated the solvation 

of complex anions, such as -O2C-(CH2)n-CO2
- (n = 2-10),29,30 NO3

-,31 SO4
2-,32-34 and C2O4

2-,25 

using a PES apparatus coupled to an electrospray ionization (ESI) source.36  In the current work, 

we report a combined study on the solvation of N3
- using PES, density functional theory (DFT) 

calculations, and molecular dynamics (MD) simulations.  Hydrated clusters of the azide anion, 

N3
-(H2O)n, were produced by an ESI source.  We measured the PES spectra of the solvated 

species for n = 0-16 at 193 nm (6.424 eV) and obtained the adiabatic and vertical electron 

detachment energies.  The step-wise increase in the electron detachment energies revealed that 

the first four water molecules have strong interactions with N3
-.  DFT calculations were carried 

out, focusing on how the first few waters solvate N3
-.  The solvation state of N3

- in large water 

clusters and at the extended vacuum/water interface was investigated by MD simulations.  Both 
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the PES data and the theoretical studies suggest an asymmetric solvation state with a surface 

character of the azide anion on water clusters and at extended water/vacuum interfaces.   

Experimental Method 

The experiment was carried out using an apparatus equipped with a magnetic-bottle time-

of-flight (TOF) photoelectron analyzer and an ESI source.  Details of the experimental method 

have been reported elsewhere.36  Only a brief description is given here.  A 10-4 M sodium azide 

solution in a water/acetonitrile (20/80 volume ratio) mixed solvent was sprayed through a 0.01 

mm diameter fused quartz syringe needle biased at –2.2 kilovolts.  The resulting negatively 

charged droplets were fed into a desolvation capillary heated to ~70 °C.  Anionic species 

emerging from the desolvation capillary were guided by a radio-frequency quadruple system into 

a quadruple ion trap.  The anions were accumulated in the ion trap for 0.1 second before being 

pushed into the extraction zone of a TOF mass spectrometer.  

After mass-selection and deceleration, the N3
-(H2O)n

 anion clusters of interest were 

intercepted by a 193 nm (6.424 eV) laser beam from an ArF excimer laser in the detachment 

zone of the magnetic-bottle photoelectron analyzer.  Photoelectrons were collected at nearly 

100% efficiency by the magnetic bottle and analyzed in a 4-meter long TOF tube.  The 

experiment was done at 20 Hz repetition rate with the ion beam off at alternating laser shots for 

background subtraction.  The photoelectron TOF spectra were converted to kinetic energy 

spectra calibrated by the known spectra of I- and O-.  The electron binding energy spectra 

presented were obtained by subtracting the kinetic energy spectra from the detachment photon 

energy.  The energy resolution (∆E/E) was about 2%, i.e., ~10 meV for 0.5 eV electrons, as 

measured from the spectrum of I- at 355 nm.   
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Theoretical Methods 

We used DFT calculations to explore the structures of the small solvated clusters, N3
-

(H2O)n (n = 0–5).  The final geometries were optimized using the hybrid B3LYP functional and 

the 6-311++G** basis set.  The selection of the functional was based on a recent study, which 

shows that this method provides reliable data concerning the geometry and energetics of 

hydrated species.37  Several initial geometries were considered.  All calculations were done 

without any symmetry constraints using a tight geometry convergence criterion.  Vertical 

detachment energies (VDE) were also calculated as the difference in total energy between the 

optimized anions and the corresponding neutral clusters at the anionic geometries.  The DFT 

calculations were performed using the NWChem program package.
38 

 

Molecular dynamics simulations were performed for two systems: 1) a cluster consisting 

of an azide anion and sixteen water molecules and 2) an extended aqueous system in a slab 

geometry containing a single N3
- species in the unit cell.  In the latter case, 556 water molecules 

and one azide anion were placed in a periodic box of dimensions 26.4 × 26.4 × 100 Å3.  The 

extension of one of the box dimensions leads to the slab arrangement of the system with two 

vacuum/water interfaces.  For the calculations with periodic boundaries the non-bonded 

interactions were cut off at 12 Å and long-range electrostatic interactions were accounted for 

using the particle mesh Ewald procedure.39  These simulations were performed at 300 K, while 

the cluster calculations were run at 250 K in order to prevent water evaporation.  Both systems 

were first equilibrated for several hundreds of picoseconds with a subsequent 1 ns production 

run.  The timestep was set to 1 fs and all OH bonds were constrained using the standard SHAKE 

procedure.40  All MD calculations were performed using the Amber 6 program package.41  

A polarizable force field was employed in the MD simulations.  For water, we used the 

POL3 model.42  For N3
- we evaluated its gas phase polarizability at the MP2/aug-cc-pvtz level.  

The resulting mean value of 5.85 Å3 was evenly distributed on the three nitrogen atoms of the 

anion.  For the slab calculations, the use of this value of polarizability led to the so-called 
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polarization catastrophe, which occurs in the case of proximal, strongly polarizable centers.43  

Therefore, we had to reduce the atomic polarizabilities on nitrogen atoms from 1.95 to 1.2 Å3.  

At the same ab initio level we also evaluated the partial charges using the natural population 

analysis, yielding -0.62 |e| on the terminal nitrogens and +0.24 |e| on the central nitrogen atom.  

The van der Waals parameters of N3
- were adopted from Ref. 44.  

 

Results and Discussion 

Photoelectron Spectra.  Figure 1 shows the PES spectra of N3
-(H2O)n (n = 0-16) at 193 

nm.  We also took the spectrum of the bare N3
- at 355 nm with a higher energy resolution (not 

shown).  The spectra of N3
- at both wavelengths consist of a single sharp peak,7 indicating that 

there is little geometry change between the ground states of the anion and the neutral species.  

This result is consistent with the calculated geometries of N3 and N3
-.18  The spin-orbit splitting 

of N3 is very small (9 meV), so the width of the peak in the 193 nm spectrum (Fig. 1) is mostly 

due to the instrumental resolution for electrons at this kinetic energy.7  The adiabatic electron 

detachment energy of N3
- measured from the 355 nm spectrum was 2.68 ± 0.03 eV, in excellent 

agreement with previous studies on the azide anion.5,7  The spectra for the solvated species also 

consist of a single feature and shift consistently to higher binding energies with increasing 

solvent number.  The spectra became broadened and diffuse due to solvation and the spectral 

width seemed to increase with increasing solvent numbers.   

Adiabatic and Vertical Detachment Energies and Evidence of the First Solvation 

Shell.  The adiabatic (ADE) and vertical (VDE) electron detachment energies for N3
-(H2O)n (n = 

0-16) are listed in Table I.  For N3
-, the ADE and VDE are identical because the geometry 

change between the anion and neutral is negligibly small.  For the solvated clusters, the spectra 

became broader due to solvent relaxation upon electron detachment.  Since no vibrational 

features were resolved, the ADE was estimated by first drawing a straight line at the leading 

edge of the photodetachment feature. Then a constant was added to the intersection with the 
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binding energy axis in order to take into account the instrumental resolution.  The VDE was 

obtained from the peak maximum in each spectrum.   

The ADE and VDE as a function of solvent number are plotted in Fig. 2a.  Both curves 

show a monotonic increase with a clear change of slope at n = 5.  This turning point can be 

observed more clearly in the incremental increase in binding energies, as shown in Fig. 2b.  The 

quantity, ∆ADE [ADE(n) – ADE(n-1)], represents the electron stabilization energy with the 

addition of one extra solvent molecule.  The first four waters clearly have the strongest 

stabilizing effect with ∆ADE ≥ 0.34 eV (Table 1).  The ∆ADE suddenly drops to 0.16 eV for n = 

5 and steadily decreases for larger solvent numbers.  The observation suggests that the first four 

water molecules interact strongly with N3
-, evident of the first solvation shell, whereas the solute-

solvent interactions become much weaker starting from the fifth water molecule, evident of the 

onset for the second solvation shell.   

Spectral Width and Solvent Relaxation.  The spectral width in the PES spectra 

represents the Franck-Condon envelope of the electronic transition between the anion and the 

relevant neutral state, i.e., the geometry changes between the anion ground state and the final 

state of the neutral species.  As shown in Figure 1 and in previous studies,7 the PES spectrum of 

N3
- gave a single sharp peak, indicating that there is very little geometry change upon electron 

detachment.  However, the spectra of the solvated species became broadened and the spectral 

width seemed to increase with the solvent number.  A good measure of the spectral width can be 

obtained from the difference between the ADE and VDE.  These are listed in Table 1 as λ.  This 

value increases steadily from n = 0-7 and then levels off for n>7, reaching a value of ~0.45 eV.  

Since there is little geometry change upon electron detachment for N3
- itself, the spectral width 

of the solvated clusters should be mainly due to the solvent relaxation around the solute upon 

electron detachment.  It is interesting to note that the solvent relaxation levels off at seven water 

molecules, which is beyond the first solvation shell.  This observation suggests that the second 

solvation shell is very important for the solvent relaxation.  That the additional solvent beyond n 
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= 7 does not significantly increase the relaxation energies indicates that three solvent molecules 

in the second solvation shell are sufficient to reproduce the effect of solvent reorganization.  In 

other word, the N3
-(H2O)7 cluster can be viewed as the minimal cluster size that may be used as a 

model for the bulk solvation.   

DFT Calculations for Small Solvated Clusters, N3
-(H2O)n (n = 0-5).  The calculated 

geometries of N3
-(H2O)n (n = 0-5) are presented in Fig. 3 along with the solute charge 

distributions and key bond lengths.  The calculated VDE for each structure is given in Table 2.  

The azide anion is linear with centrosymmetric charge distribution (Fig. 3, a).  Note that the 

terminal nitrogen atoms carry more than half of an electron charge.  The first water forms a 

strong hydrogen bond with one terminal nitrogen and breaks the symmetry of the solute anion.  

The N…H H-bond length is extremely short (Fig. 3, b) and the nitrogen atom that forms the H-

bond carries more charge than the nitrogen at the free end.  This polarization is accompanied by 

a small change in the N-N bond lengths (Fig. 3, b).  For n = 2, there are two energetically 

degenerate solvation structures: 1) with the two water molecules solvating the two terminal N 

symmetrically (Fig. 3, c1) and 2) with both water molecules solvating only one terminal nitrogen 

(Fig. 3, c2).  In the latter case, the azide anion is further polarized.  In both structures, the water-

N H-bonds are strong with rather short N…H bond lengths.  Interestingly, for N3
-(H2O)3 the one-

end solvation structure (Fig. 3, d1) is slightly preferred because of the favorable water-water H-

bonding.   

For N3
-(H2O)4, four low energy structures (Fig. 3, e1-e4) were obtained.  The lowest 

energy one (e1) is similar to d1 of N3
-(H2O)3 with the fourth water forming only water-water 

hydrogen bonds.  Thus, the maximum coordination number for one terminal nitrogen with water 

seems to be three, which is consistent with a previous MD simulation.23  The second lowest 

energy solvation structure (e2) is very interesting.  The four solvent molecules form a water 

chain along one side of the azide anion with three of them coordinating to one terminal nitrogen 

and the fourth water coordinating to the other terminal nitrogen.  The other two structures for N3
-
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(H2O)4 (e3, e4) both involve solvating the two terminal N separately and are energetically 

unfavorable, again showing the importance of the solvent-solvent H-bonding.  The “side-chain” 

structures turned out to be the lowest energy conformations for N3
-(H2O)5 (Fig. 3, f1, f2), which 

both can be viewed as adding the fifth water to the second solvation shell of the “side-chain” 

structure of N3
-(H2O)4 (e2).  The other three conformations for N3

-(H2O)5 (Fig. 3, f3, f4 and f5) 

were all built from the low-lying isomers of N3
-(H2O)4 and were slightly unfavored relative to f1 

and f2.  However, as shown in Table 2 for the calculated VDEs, the lowest energy structure (f1) 

seems to be the most likely isomer responsible for the observed PES spectrum.   

The calculated VDEs for all the low-lying isomers shown in Fig. 3 for N3
-(H2O)n (n = 0-

5) are given in Table 2.  The calculated VDE for N3
- is in excellent agreement with the 

experimental measurement.  However, the theoretical VDEs for the solvated species appear to be 

too large by between 0.17-0.26 eV for the low-lying isomers of N3
-(H2O)n.  For n = 2 and 3, the 

two isomers are close in energy and they also have nearly identical theoretical VDEs, suggesting 

that they might both be populated and contribute to the PES spectra.  For N3
-(H2O)4, the two 

higher energy isomers (e3, e4) give VDEs that are higher than the experimental value by more 

than 0.3 eV and can be ruled out.  It is interesting to observe that the “side-chain” structure (e2) 

gives the best VDE relative to the experimental value.  For N3
-(H2O)5, despite the near 

degeneracy between the two lowest-energy isomers (f1, f2), the f1 isomer yielded the best VDE 

in comparison with the experimental data.  

Microsolvation of N3
- by Water.  Overall, the DFT data are in excellent agreement with 

the experiment.  In particular, the trend of the solvation structure and the trend of the theoretical 

VDEs are consistent with the experimental observation.  We see that, except for the e1 structure 

of N3
-(H2O)4, the first four waters interact directly with N3

- and provide the strongest 

stabilization, essentially forming the first solvation shell.  The fifth water does not directly 

interact with the solute and thus exert only small stabilization to the electron binding energy of 

N3
-.  The fifth water begins to form the second solvation shell.  This trend of solvation suggests 
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that the second solvation shell will form asymmetrically along one side of the azide anion and 

would lead to a surface-solvated N3
-.  This is consistent with our observation for the large 

solvated clusters and is born out from the MD simulations, as shown below.   

In our previous PES studies of hydrated SO4
2- and C2O4

2-, we observed the solute 

photoemission features to decrease with increasing degree of solvation.33-35  This observation 

was interpreted as due to the fact that the solute anion is solvated in the center of the solvated 

clusters.  For N3
-(H2O)n, the PES spectra contain only one solute band throughout the 

investigated cluster size range and it was difficult to evaluate its relative intensity change with 

the degree of solvation.  Nevertheless, we did notice that the electron signals were quite intense 

for the large clusters (n>15) although their mass intensities decrease significantly, compared to 

the bare N3
- and small solvated clusters.  This phenomenon was quite similar to PES spectra of 

hydrated I- clusters, which represent a typical system with surface solvated anions.25,45  

Therefore, our observation of strong photoemission signals for the large solvated clusters suggest 

that N3
- is likely to be on the surface of the large solvated clusters.   

MD Simulations of N3
-(H2O)16.  Figure 4 depicts a typical snapshot from a MD 

simulation of a cluster consisting of 16 water molecules and a single azide anion.  The snapshot 

clearly indicates the preferred surface solvation of N3
-.  This is quantified in Fig. 5, which shows 

the distributions of distances of water molecules and N3
- from the center of mass of the water 

cluster.  The water signal peaks at the center with a second maximum around 3 Å, which 

corresponds to “outer shell” water molecules.  The distribution of N3
- peaks exactly in this outer 

shell – a clear fingerprint of surface solvation.  Results for full and reduced polarizabilities of N3
- 

are qualitatively similar with the anionic surface effect being slightly more pronounced for the 

model with full polarizability.  A reduction of polarizability by 5-10% can be attributed to 

solvent effects.44  However, the reduction necessary to stabilize the slab calculation is more 

significant (almost 40%).  Nevertheless, the effect of such reduction is small and the propensity 



 10

for surface solvation is preserved.  However, a non-polarizable potential model did not predict a 

surface solvated N3
-, but rather an interior solvated structure (results not shown here).   

Figure 6 shows the distribution of angles between the molecular axis of N3
- and the line 

connecting the center of mass of the water cluster and that of the azide anion.  The angular 

distribution peaks at 90o, a clear indication of a preferred orientation of N3
- parallel to the cluster 

surface.  The results for the two values of the azide polarizability almost coincide with each 

other.  The MD results are consistent with the trend predicted from the DFT calculations for the 

small solvated clusters (Fig. 3) and the observation of the strong PES signals for the large 

solvated species.  Both pointed to a surface solvated N3
- in the hydrated clusters N3

-(H2O)n, 

which is born out nicely from the MD simulations.   

MD Simulation of N3
- at Extended Water/Vacuum Interfaces.  It is interesting to 

address the question whether the surface propensity of the azide anion persists upon moving 

from the hydrated clusters to extended aqueous systems.  Results of MD simulation of N3
- in/on 

an aqueous slab are presented in Figs. 7 and 8.  Figure 7 displays a density profile of N3
-, i.e., a 

histogramed distribution of N3
- from the center of the slab to the vacuum/water interface (the 

interfacial region corresponds to values of the z-coordinate between roughly 10 and 14 Å).  As in 

the cluster system, the N3
- distribution strongly peaks at the interface and clearly indicates 

surface solvation.  Note that this result was obtained for the azide polarizability reduced by 40%.  

Were we able to circumvent the polarization catastrophe problem and perform the slab 

calculation with the full polarizability of the anion, the surface propensity of N3
- would come out 

even more strongly.   

Finally, Figure 8 shows the distribution of angles between the molecular axis of N3
- and 

the normal to the surface of the slab.  Similar to the cluster system, the angular distribution peaks 

around 90o.  A close inspection of the trajectory reveals that the orientation of N3
- is strongly 

correlated with the position of the anion in the slab.  On one hand, when the azide anion is at the 

water/vacuum interface (which is most of the time) it is almost exclusively oriented parallel to 
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the surface.  On the other hand, during the short periods when N3
- “dives” into the subsurface or 

aqueous bulk, its orientation tends to get randomized, which would be expected if the solvent 

environment is more or less symmetric.   

We note that the behavior of N3
- at the bulk interface is well represented using a solvated 

cluster.  Both the DFT and MD results confirm the experimental inference of four waters as the 

first solvation shell of N3
-.  Since the solvent relaxation levels off at seven waters as observed in 

the PES data, the MD results also verify the notion that a seven-water cluster can be used as the 

bare minimum to describe the solvation behavior of N3
- using cluster models.   

 

Conclusions 

Gas phase photoelectron spectroscopic and computational studies of water-solvated azide 

anion clusters, N3
-(H2O)n (n = 0-16), were reported.  PES spectra of bare and solvated N3

- were 

taken at 6.424 eV (193 nm).  The spectral features of the solvated clusters are similar to that of 

the bare N3
-, except that they become broadened and shifted to the blue due to solvation.  The 

spectral width increases with the solvation number and levels off at n = 7.  The adiabatic and 

vertical electron binding energies were measured for each species.  The step-wise electron 

stabilization energies indicated that the first four solvent molecules have the strongest interaction 

with the solute anion.  DFT calculations show how the first five solvent molecules solvate N3
- 

one water at a time.  The first four water molecules were found to directly coordinate to N3
- 

along one side of the linear anion forming the first solvation shell asymmetrically; the fifth water 

has no direct interactions with the solute and begins the second solvation shell, in agreement with 

the experimental observation.  The leveling off of the spectral width at n = 7 suggests that three 

waters in the second solvation shell are sufficient to capture the solvent relaxation effect upon 

electron detachment.  The asymmetric solvation state in the small clusters was shown to persist 

in larger solvation systems using MD simulations.  MD simulations with a polarizable force field 
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reveal that N3
- anion clearly prefers interfacial over bulk solvation in large clusters and at the 

extended vacuum/water interface.  
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TABLE 1:  Adiabatic (ADE) and Vertical (VDE) Electron Detachment Energies for N3
-(H2O)n 

(n = 0-16) in eV.a   

n ADE ∆ADEb VDE ∆VDEc λe 

0 2.68 (3)d  2.68 (3)d  0 

1 3.14 (6) 0.46 (6) 3.25 (6) 0.57 (6) 0.11 

2 3.58 (6) 0.44 (6) 3.78 (6) 0.53 (6) 0.20 

3 4.04 (6) 0.46 (6) 4.25 (6) 0.47 (6) 0.21 

4 4.38 (6) 0.34 (6) 4.63 (6) 0.38 (6) 0.25 

5 4.54 (6) 0.16 (6) 4.85 (6) 0.22 (6) 0.31 

6 4.70 (8) 0.16 (8) 5.03 (8) 0.18 (8) 0.33 

7 4.84 (8) 0.14 (8) 5.25 (8) 0.22 (8) 0.41 

8 4.98 (8) 0.14 (8) 5.42 (8) 0.17 (8) 0.44 

9 5.12 (8) 0.14 (8) 5.55 (8) 0.13 (8) 0.43 

10 5.25 (8) 0.13 (8) 5.65 (8) 0.10 (8) 0.40 

11 5.34 (8) 0.09 (8) 5.70 (8) 0.05 (8) 0.36 

12 5.37 (8) 0.03 (8) 5.79 (8) 0.09 (8) 0.42 

13 5.45 (8) 0.08 (8) 5.89 (8) 0.10 (8) 0.44 

14 5.49 (8) 0.04 (8) 5.95 (8) 0.06 (8) 0.46 

15 5.58 (8) 0.09 (8) 6.02 (8) 0.07 (8) 0.44 

16 5.62 (8) 0.04 (8) 6.07 (8) 0.05 (8) 0.45 

a The numbers in the parentheses represent the uncertainties in the last digit.   
b ADE(n) – ADE(n-1).   
c VDE(n) – VDE(n-1).   
d The EA of N3 measured from the 355 nm spectrum.  This value was measured to be 62.1 ± 2.8 

kcal/mol (2.69 ± 0.12 eV) from Ref. 4 and 2.68 ± 0.01 eV from Ref. 7.   
e (VDE – ADE).   
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TABLE 2:  The Calculated Vertical Detachment Energies (VDE) for N3
-(H2O)n (n = 0-5) in eV 

Compared with the Experimental Value from Table 1.  See Figure 3 for the Labels of the 

Isomers.   
 

n isomers VDE (theo.) VDE (exp.)a 

0 

1 

2 

 

3 

 

4 

 

 

 

5 

a 

b 

c1 

c2 

d1 

d2 

e1 

e2 

e3 

e4 

f1 

f2 

f3 

f4 

f5 

2.72 

3.42 

4.04 

4.05 

4.49 

4.52 

4.87 

4.82 

4.97 

4.96 

4.96 

5.17 

5.24 

5.36 

5.31 

2.68 (3) 

3.25 (3) 

3.78 (6) 

 

4.25 (6) 

 

4.63 (6) 

 

 

 

4.85 (6) 

a.  Reproduced from Table 1.   
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Figure Captions 
 

Fig. 1 Photoelectron spectra of N3
-(H2O)n (n = 0-16) at 193 nm (6.424 eV).   

Fig. 2 (a) Adiabatic (ADE) and vertical (VDE) detachment energies of N3
-(H2O)n (n = 0-16) 

as a function of solvent number (n).  (b) The incremental increase of electron 

detachment energies, ∆ADE = ADE(n) - ADE(n-1) and ∆VDE, as a function of solvent 

number (n).   

Fig. 3 Optimized structures for the lowest energy isomers of N3
-(H2O)n (n = 0-5 ) at B3LYP/6-

311++G**.  Relative energies are given in eV.  Mulliken charges on the nitrogen atoms 

are also given, along with key bond lengths in angstrom.   

Fig. 4  A typical snapshot from a MD simulation of a cluster consisting of 16 water molecules 

and a single azide anion.  Color coding: nitrogen – blue, oxygen – red, and hydrogen – 

white.   

Fig. 5 Distributions of distances of water molecules and N3
- from the center of mass of the 

water clusters in N3
-(H2O)16.  Model 1: full polarizability of 1.95 Å3 on nitrogen atoms.  

Model 2: polarizability on nitrogen atoms reduced to 1.2 Å3.   

Fig. 6  Distribution of angles between the molecular axis of N3
- and the line connecting the 

center of mass of the water cluster and that of the azide anion in N3
-(H2O)16.  Model 1: 

full polarizability of 1.95 Å3 on nitrogen atoms. Model 2: polarizability on nitrogen 

atoms reduced to 1.2 Å3.   

Fig. 7 The density profile of the azide anion from the center of an aqueous slab to the 

vacuum/water interface.  The interfacial region lies between 10 and 14 Å.   

Fig. 8 Distribution of angles between the molecular axis of the N3
- and the normal to the 

surface of the slab.   
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 3 (continued) 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
 
 


