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ABSTRACT: Sulfuryl diazide, O,S(N3),, previously described as an
“exceedingly explosive” compound, has been isolated and characterized
by IR (Ar matrix, gas) and Raman (solid) spectroscopy, and its structure
has been determined by X-ray crystallography. It has a melting point
of —15 °C and can be handled in small quantities in gas, liquid, and solid
states. Vibrational spectroscopic studies suggest the presence of only one
conformer in both gas and solid states, and the X-ray crystallography
revealed an anti conformation of the two azido groups with respect to the
NSN plane. Calculations predict the anti (C,) conformer to be 6.6 k] mol '
lower in energy than the syn (C;) one at the CBS-QB3 level of theory. The
related chlorosulfuryl azide, CISO,N3, has also been prepared and char-

acterized by IR and Raman spectroscopy.
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B INTRODUCTION

Covalent azides have been widely used in organic synthesis.'
Because of their high energy content, azides have also been well-
known as high-energy materials. Because some of them are
extremely heat and shock sensitive, the preparation and char-
acterization requires sophisticated skills with appropriate safety
precautions. Many novel covalent azides, particularly the poly-
azides of the heavy elements of group 15 (P, As, Sb, Bi)*and 16
(Se, Te)® have recently been isolated and characterized. The
azides of the light element N have been extensively explored by
quantum chemical calculations, and the experimental access to
these metastable species was found to be rather challenging but
quite successful in very recent few years.*

Many organic sulfur azides have already been known and
applied in synthetic chemistry, but only a few of inorganic sulfur
azides have been fully characterized, such as the monoazides
FSO,N;® and the anions SO,N;~, (SO,),N; ", and SO3N; .6
Our knowledge about the diazides, such as S(N3),, OS(N3),, and
0,S(N3), is relatively scarce. The first one has been merely
theoretically predicted,” OS(Nj), has been only detected in the
gas phase by photoelectron spectroscopy.® The title compound,
0,S(N3),, has been known for nearly 100 years,9 and its chem-
istry in the solution has been reported in a few early publi-
cations.'® As has been mentioned in these studies, this azide has
exceedingly explosive, unpredictable properties. In some cases,
violent explosions occurred without any provocation. Therefore,
no isolation or characterization of this compound was performed
in previous work.

Stimulated by the recent successful isolation of the “extremely
explosive” OC(N3), in a pure form,"" we performed reactions
between SO,Cl, and NaNj, which enabled us to isolate pure
CISO,N; and O,S(N3),. Herein, we describe their preparation
as pure substances, their physical and spectroscopic properties as
well as the structure of the diazide for the first time.
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B EXPERIMENTAL SECTION

Caution!. Covalent azides are potentially hazardous and explosive!
Sulfuryl azides, CISO,N;, and O,S(N3), are explosive compounds and
should be handled in submillimolar quantities only. Safety precautions (face
shields, leather gloves, and protective leather clothing) are strongly recom-
mended, particularly in the case of handling pure O,S(N3), in the solid and
liquid states. The scratch and break of ampules containing shock-sensitive
compounds using the ampule key technique can lead to explosion. In one case,
explosion of the solid sample was experienced when the sample (ca. 20 mg)
was cooled in a glass tube under liquid nitrogen, which may be caused by a
solid-phase transformation.

Materials and Apparatus. Sulfuryl chloride (SO,Cl,, Merck) was
distilled before use, and its purity was checked by gas-phase IR
spectroscopy. Sodium azide (NaNj;, Merck) was dried at 100 °C under
vacuum before use. For the preparation of "*N-labeled samples, 1-'°N
sodium azide (98 atom % '°N, EURISO-TOP GmbH) was used as
received. Acetonitrile (CH;CN, Merck) was dried with P,O;, and
distilled immediately before use. Volatile materials were manipulated
in a glass vacuum line equipped with a capacitance pressure gauge (221
AHS-1000, MKS Baratron, Burlington, MA), three U-traps, and valves
with PTFE stems (Young, London, UK). The vacuum line was con-
nected to an IR gas cell (optical path length 20 cm, Si windows, 0.6 mm
thick), which was fitted into the sample compartment of the FTIR
instrument (Bruker, Vector 22) for measuring the IR spectra of volatile
products. The final products were stored in flame-sealed glass ampules in
liquid nitrogen. Glass ampules were opened to the vacuum line using an
ampule key,'” and appropriate amounts were taken out, followed by
flame-sealing the ampule with the remaining sample.

Synthesis. The reactions were performed in a glass container
(volume 25 mL, length 20 cm) equipped with a small magnetic stir
bar and a valve with PTFE stem and connected to the vacuum line. For
the preparation of sulfuryl diazide, the vessel was charged with 1.7 mmol
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NaNj, then 0.4 mmol SO,Cl, and 1 mL CH;CN were condensed onto
the solid. The mixture was warmed to room temperature and stirred
overnight. Then the vessel was slowly opened to the vacuum line and all
of the volatile products were separated by repeated fractional condensa-
tion (—30, —100, and —196 °C). The desired product (ca. SO mg),
0,S(N3),, was retained in the —30 °C trap as a white solid. Traces of
noncondensable gas at —196 °C were observed, indicating some decom-
position of O,S(N3), during the synthesis. When the reaction was
performed without any solvent, no O,S(N3), but only CISO,N;
was isolated, which was purified by repeated fractional condensation
(=30, —78,and —196 °C), and the azide was retained in the middle trap
as colorless liquid. 1-'°N sodium azide was used for the '*N-labeled
sample in a similar manner. The quality of the samples was ascertained
by gas-phase IR spectroscopy.

Spectroscopy. Raman spectra were recorded on a Bruker-Equinox
55 FRA 106/S FT-Raman spectrometer using a 1064 nm Nd:YAG laser
(200 mW) with 200 scans at a resolution of 2 cm™*. For the low-
temperature measurement, a small amount of sample (ca. 10 mg) was
condensed in a high vacuum onto a copper finger, which was cooled with
liquid nitrogen. Subsequently, the coldfinger was rotated to allow the
sample exposure to the laser beam.

Matrix IR spectra were recorded on a FTIR spectrometer (IFS 66v/S
Bruker) in reflectance mode using a transfer optic. A KBr beam splitter
and an MCT detector were used in the region of 4000 to 550 cm™ . For
each spectrum, 200 scans at a resolution of 0.25 cm™ ' were co-added.
The gaseous sample was mixed with argon (1:1000) in a 1 L stainless-
steel storage container and then small amount (ca. 1 mmol) of the
mixture was deposited within 30 min onto the cold matrix support (16 K,
Rh plated Cu block) in a high vacuum. Details of the matrix apparatus
have been described elsewhere."

The UV—vis spectra of gas samples (1.5 mbar, room temperature)
were recorded in a quartz cell (10 cm optical path length) on a PerkinElmer
Lambda EZ210 spectrophotometer.

Single Crystal Structure Determination

(a). Crystal Growth and Transfer. Crystals of 0,S(N3), were
grown in an L-shaped glass tube (0.d. 0.6 cm, length 20 cm). Small
amounts (ca. S mg) of the compound were flame-sealed into one end of
the bent tube, the end without sample was immersed into a cold bath
at ca. —60 °C, whereas the whole setup with cold bath was kept in a
refrigerator at —20 °C overnight. Small colorless crystals were obtained
in the bottom of the tube in the cold bath. Because of the possible shock
sensitivity, the cut of the tube and transfer of the crystals needs to be
done with care, that is, the glass tube containing crystals was kept cold in
adryice bath (ca. —78 °C) and connected to the vacuum line through an
ampule key. Then the tube was opened to the vacuum and slowly filled
with argon gas to one atmosphere, followed by a quick transfer of the
crystals into a trough precooled by a flow of cold nitrogen. A suitable
crystal of 0,S(N3), was selected at ca. —50 °C under the microscope
and mounted as previously described.'*

(b). Collection and Reduction of X-ray Diffraction Data.
Crystals were mounted on an Oxford Diffraction Gemini E Ultra
diffractometer, equipped with a 2K x 2K EOS CCD area detector, a
four-circle kappa goniometer, an Oxford Instruments Cryojet, and
sealed-tube Enhanced (Mo) and an Enhanced Ultra (Cu) sources.
For the data collection, the Cu source emitting monochromated
Cu—Kat radiation (4 = 1.54184 A) was used. The diffractometer was
controlled by the CrysAlis™ Graphical User Interface (GUI) software."®
Diffraction data collection strategy for O,S(Nj;), was optimized with
respect to complete coverage and consisted of 10 w scans with a width
of 1°, respectively. The data collection for O,S(N3), was carried out
at —123 °C, in a 1024 x 1024 pixel mode using 2 x 2 pixel binning.
Processing of the raw data, scaling of diffraction data, and the application
of an empirical absorption correction was completed by using the
CrysAlis™ program."

o
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Figure 1. Upper trace: IR spectrum of gaseous CISO,Nj; at 298 K
(transmission T, resolution: 2 cm™'). Lower trace: Raman spectrum of
solid CISO,Nj at 77 K (Raman intensity I, resolution: 2 cm ™).

Table 1. Experimental and Calculated Vibrational Frequen-
cies (cm ') of CISO,N;

experimental” calculated” approximately description
IR Raman
vapor (298 K)  solid (77 K)
2144 vs 2157 s 2273 (412) V,s(N3)
1441 s 1411 m 1442 (176) V4(SO5)
1197 s 1178 m 1245 (254) vy(N3)
1165 s 1145w,sh 1199 (180) ,(S0,)
768 m 771 m 747 (73) ¥(SN)
597 vs 601 w, sh 604 (184) O(N3)
579 (15) Oop(SN3)
586's 570 (168) 0(S0,)
458 w 461 m 449 (4) w(S0,)
419 vw 21w 413 (2) p(S0,)
404 vs 371 (8) v(SCl)
309 m 290 (<1) 0(0sCl)
285 m 267 (1) S(NSCI)
149 (<1) T
55 (<1) T

“ Experimental band positions and relative intensities: vs, very strong; s,
strong; m, medium strong; w, weak; vw, very weak; and sh, shoulder.
*B3LYP/6-311+G(3df) level of theory; IR intensities (km mol ') in
parentheses.

(c). Solution and Refinement of the Structure. The solution
of the structure was obtained by direct methods which located the
positions of all atoms. The final refinement was obtained by introducing
anisotropic thermal parameters and the recommended weightings for all
atoms. All calculations were performed using the SHELXTL-plus package
program for the structure determination and solution refinement and for
the molecular graphics.'

Computational Details. Structures were optimized using DFT
methods (B3LYP,'” BP86,'> MPW1PW91'®) and the 6-311+G(3df)
basis set throughout. Local minima were confirmed by harmonic
frequency analyses. The complete basis set (CBS-QB3) method was
used for accurate relative energies.”® Natural bond orbital (NBO)
analysis”' was performed using the B3LYP/6-311+G(3df) method for
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the evaluation of donor—acceptor (lone pair—antibonding) interaction
energies E(2), based on second-order perturbation theory. All calcula-
tions were performed using the Gaussian 03 software package.””

B RESULTS AND DISCUSSION

Physical Properties of 0,5(N3),. According to previous
studies, ' sulfuryl diazide can be safely handled in organic solvents,

I
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Figure 2. Upper trace: IR spectrum of O,S(Nj3), isolated in an
Ar-matrix at 16 K (absorbance A, resolution: 0.25 cm™"). Middle trace:
IR spectrum of gaseous O,S(N3), at 298 K (transmission T, resolution:
2 cm_l). Lower trace: Raman spectrum of solid O,S(N3), at 77 K
(Raman intensity I, resolution: 2 cm™ ).

but nothing has been reported for the neat compound. The
compound was only handled in a small scale (<0.1 g, Caution
section). The solid melts at —15 °C and forms a colorless liquid.
The liquid has a vapor pressure of about 2 mbar at room
temperature, which allows its transfer in a vacuum line. The liquid
was stored in flame-sealed glass ampules at room temperature
without any noticeable decomposition after a few weeks.

The UV—vis spectrum of gaseous O,S(N3), resembles that of
CISO,N; (Figure S1 of the Supporting Information). It reveals
two broad absorptions at A, = 260 and 210 nm, and they are
assigned to n — 7r* and 1 — 77* transitions corresponding to the
azido groups, respectively.

IR and Raman Spectra of CISO;N;. To distinguish the
vibrational spectra of O,S(Nj3), from that of the monoazide
CISO,Nj, the IR (gas), and Raman (solid) spectra of CISO,N;
were measured and shown in Figure 1. Observed band positions
are listed in Table 1 and compared to calculated ones at the
B3LYP/6-311+G(3df) level of theory. Bands due to the SO, and
N3 groups are easily assigned by comparison to those of the
related compound ESO,N3.°

The IR bands of CISO,Nj; in the gas phase (2144, 1441,
1197, and 1165 cm™ ') agree well with those reported in
CH;CN solution (2115, 1430, 1190, and 1150 cm ').!*®
The S—CI stretch appears at 404 cm ™' in the Raman spec-
trum, the expected /37 isotopic splitting of ¥(SCl) in
the intensity ratio of 3:1 was not observed. The S—N stretch
(IR: 768 cm ™!, Raman: 771 cm ™ ') is strongly mixed with the
deformations of the N3 and SO, moieties. Similar to other
sulfuryl azides, only one conformer with C, symmetry was

Table 2. Experimental and Calculated Vibrational Frequencies (cm ') of 0,S(N3),

experimental” calculated” approximately description
IR Raman anti (C,) syn (C,)
vapor (298 K) Ar-matrix (16 K)* solid (77 K)
2155 sh 2151.0 m 2163 vs 2280 (167) 2280 (457) V,s(N3), in-phase
2137 vs 2135.1 vs 2147 s 2263 (822) 2251 (426) V,(N3), out-of-phase
1441 s 1437.7 s 1413 w 1446 (187) 1446 (203) ,.(S0,)
1193 m, sh 11959 m 1260 (101) 1275 (212) ,(N3), in-phase
1170 s 11769 s 1245 (450) 1250 (258) v4(N3), out-of-phase
11617 s 1170 m 1201 (219) 1193 (191) 4(S0,)
783 s 7912's 763 (133) 742 (19) ,.(NSN)
748 w 7441 w 744 s 726 (19) 741 (174) ,(NSN)
630's 616.6's 629 w, sh 626 (331) 622 (271) O(N3)
595 m 6011w 602 s 598 (88) 597 (93) 8(N3) + 6(SO,)
583 (12) 579 (13) Oo.0p.(SN3), in-phase
580 (1) 571 (<1) 0o.0p.(SN3), out-of-phase
469 vw 467 s 456 (4) 456 (<1) 8(S0,)
446 w 454 (1) 455 (3) (S0,)
443 (2) 445 (3) p(80,)
355w 341 (<1) 339 (<1) 7(N,S0,)
330 vw 319 (<1) 303 (1) S(NSN)
160 (<1) 169 (<1) T
150 (1) 150 (1) T
71 (<1) 47 (<1) T
39 (<1) 21 (<1) T

“ Experimental band positions and intensities: vs, very strong; s, strong; m, medium strong; w, weak; vw, very weak; and sh, shoulder. *B3LYP/6-311
+G(3df) level of theory (molecular symmetry indicated in parentheses); IR intensities (km mol ') are given in parentheses;. © Only the band positions of

the most intense matrix sites are given.
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Table 3. Summary of Crystal Data and Refinement Results
for 025(N3)2

chemical formula N¢O,S

space group monoclinic (C2/¢, No. 15)

a(A) 24.3405(7)
b (A) 5.41599(10)
c(A) 17.2915(4)
o (deg) 90

S (deg) 111.819(3)
7 (deg) 90

V (A% 2116.21(9)
Z (molecules/unit cell) 16

mol wt 148.12
caled density (g cm ™) 1.860

T (K) 150(2)

u (mm™') 0.540

R, 0.0238
wR," 0.0676

“R, is defined as I Fy| — |FJl /2|F,| for I > 20(I). " wR, is defined as
[Z[w(F,2 — E2)*/=w(F,2)*]Y? for I > 20(I).

theoretically predicted for CISO,Nj; (Figure S2 of the Support-
ing Information).

IR and Raman Spectra of 0,S(N5),. The IR (gas phase and Ar
matrix) and Raman (solid) spectra of O,S(N3), are shown in
Figure 2, and the observed band positions are compared in Table 2
to the calculated spectra.

The gas-phase IR spectrum of O,S(N3), is very similar to that
of CISO,N;. The most significant differences are the missing
S—Cl stretch in the Raman spectrum of the diazide and the
appearance of two bands for the asymmetric Nj stretches in the
Raman (2163 and 2147 cm ') and the Ar matrix IR (2151.0
and 2135.1 cm™ ') spectra. The latter observations unambigu-
ously indicate the presence of two azido groups in the
compound.

According to the DFT calculations, two conformers depend-
ing on the relative orientation (syn and anti) of the two azido
groups with respect to the NSN plane were found to be true
minima on the potential energy surface. The two conformers
have similar IR spectra (Table 2). However, predicted band
intensities and a substantial conformer-shift of the asymmetric
and symmetric NSN stretches are features that discriminate
between the two conformers. It has been known that IR spectra
of matrix isolated species enable the identification of different
conformers.”® As can be seen in Figure 2 (upper trace), two
bands appear in the range of 700—800 cm ™' in the Ar matrix IR
spectrum (Figure 2, upper trace) at 791.2 and 744.1 cm ™', which
correspond to the predicted values for v,,(NSN) and v((NSN)
respectively of the anti conformer (763 and 726 cm™ ') rather
than those for the syn form (742 and 741 cm™"). Support for this
assignment comes from its relative band intensities. In the Raman
spectrum, only one strong band at 744 cm ™' was observed in this
region and it is assigned to the symmetric NSN stretch. The
asymmetric one is missing due to their much lower Raman
activity. The Ar matrix IR spectra of bis-"*N labeled O,S(N3),
have been measured (Figure S3 of the Supporting Information).
In addition to the naturally occurring >*S isotopic splittings, most
of the bands are accompanied by satellite bands due to different
matrix sites in the solid Ar host (Figure 2, upper trace). The IR

Figure 3. View of the two crystallographically nonequivalent molecules
of 0,5(N3),; thermal ellipsoids are drawn at the 50% probability level.

and Raman spectra indicate the presence of only the anti
conformer in the gas and solid states.

Crystal Structure of 0,5(N3),. Sulfuryl diazide crystallizes in
the monoclinic space group (C2/c) with two crystallographically
nonequivalent molecules in the unit cell (Table 3). Weak inter-
molecular interaction between the two molecules is evidenced by
the N2+ - - O1 distance of 2.955 A, which is shorter than the sum
of the van der Waals radii of N (1.55 A) and O (1.52 A).>* The
molecular structures are depicted in Figure 3, and the determined
structural parameters are listed in Table 4.

The two azido groups in both molecules are oriented in an anti
configuration with respect to the NSN plane, adopting an approx-
imate C, symmetry. The S=O bonds (1.4182(9), 1.4180(9),
1.4172(9), and 1.4158(10) A) are slightly longer than those
found in solid FSO,N; (1.411(2) and 1.402(2) A),> and the
S—N bonds in the diazide (1.6709(11), 1.6641(10), 1.6636(10),
1.6654(10) A) are much longer than that in FSO,N; (1.648(3) A) 3
These differences can be attributed to the lower electro-
negativity of the ligand Nj relative to F. The OSO angles
(122.92(6) and 122.35(6)°) are very similar to that in FSO,Nj3
(122.82(15)°).°

Quantum Chemical Calculations. The molecular structures
of CISO,Nj; and O,S(N3), were fully optimized using different
DFT methods (B3LYP, BP86, MPW1PW91) and the 6-311
+G(3df) basis set. Similar to other sulfuryl monoazides, only one
conformer was predicted for CISO,N; (Figure S2 of the Sup-
porting Information). Two conformers were found for the
diazide, which differ by the orientation of the two azido groups
(Figure 4). The CBS-QB3 calculations predict the anti (C,)
conformer to be 6.6 k] mol " lower in energy than the syn (C,)
one. According to the CBS-QB3 method, the Gibbs free energies
of the two conformers are very similar, and the anti one was
calculated to be lower by 2.3 kJ mol ' (AG, 298 K). From the
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Table 4. Calculated and Experimental Structural Parameters
of Ozs (N3)2

calculated” experimental

parameters” anti (C,) syn (C,) X-ray crystallography
R(S1-01) 1421 1415 1.4182(9)/1.4180(9)
R(S1-02) 1421 1.430 1.4172(9)/1.4158(10)
R(S1-N1) 1.698 1.697 1.6709(11)/1.6641(10)
R(S1—N4) 1.698 1.697 1.6636(10)/1.6654(10)
R(N1—-N2) 1.244 1.242 1.2633(16)/1.2648(14)
R(N2—N3) 1.119 1.120 1.1146(15)/1.1094(15)
R(N4—N5s) 1.244 1.242 1.2659(14)/1.2630(14)
R(N5—NG6) 1.119 1.120 1.1123(16)/1.1103(15)
£ (018102) 124.1 1242 122.92(6)/122.35(6)
Z(O1SIN1) 109.9 104.7 110.54(6)/102.72(S)
/ (02S1N4) 109.9 109.5 111.63(5)/103.63(5)
Z (N1SIN4) 102.5 102.1 104.84(5)/105.05(5)
Z (SININ2) 115.0 115.6 113.07(8)/112.40(7)
Z (SIN4NS) 115.0 115.6 112.61(7)/113.13(8)
Z (NIN2N3) 173.8 173.7 173.09(11)/173.21(12)
Z (N4NSN6) 173.8 173.7 172.99(12)/172.79(12)
$(O1SININ2) —30.6 —154.6 —33.84(11)/—34.52(11)
$(O2S1N4NS) —30.6 19.5 —45.70(10)/—44.07(11)

“Bond lengths and angles are given in A and deg, respectively; for
labeling of atoms see Figure 3. ” At the B3LYP/6-311+G(3df) level of
theory; molecule symmetry is indicated in parentheses.

Figure 4. Calculated two conformers of O,S(N3),.

experimental observation of only the anti conformer in the solid
and gaseous states, we estimate the difference of AG for two
conformers should be larger than 6 kJ mol .

The preference of the anti conformation may partially be
attributed to the steric repulsion between the two azido groups.
In addition, anomeric interactions between the O-nitrogen lone
pairs and the antibonding orbital of the antiperiplanar SO bond
has been suggested to contribute to the energetic stabilization of
the most abundant conformer of the sulfuryl azides (FSO,N; and
CF3SO,N3).° As a side proof to the existence of the anomeric
n,(Ng) — 0*(S—O0) interactions, the S1=02 bond in the syn
conformer (1.430 A) was theoretically found to be longer than
the two S=O bonds in the anti conformer (1.421 A), and the
shortest one is the SI=01 bond in the syn conformer (1.415 A).
The anomeric interactions should also stabilize anti more than
syn due to two favorable n,(N1) — 0*(S1—01) and n,(N4) —
0*(S1—02) interactions compared to the two competing nitro-
gen lone pair interactions to one ¢*(S1—02) in the syn
conformer. This is supported by NBO calculations which

predicted alarger n,(Ny) — 0*(S—0) delocalization interaction
energy (E(2)) for the anti (44.3 k] mol ') than that for the syn
conformer (38.8 k] mol ).

Bl CONCLUSIONS

The previously reported explosive sulfuryl diazide, 0,S(N3),,
was isolated in pure form and characterized by IR (gas phase and
Ar matrix) and Raman (solid) spectroscopy. Its structure was
determined by X-ray crystallography. The diazide melts at —15 °C
and does not decompose at room temperature. It can be
transferred at the vacuum line by vaporization at room tempera-
ture. Two conformers with similar energy were predicted for
0,S(N3), by the DFT methods, but only the more stable anti
conformer was observed in gas and solid phases. The related
chlorosulfuryl azide, CISO,Nj3, was also prepared and character-
ized by IR and Raman spectroscopy.
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CISO,Nj in the gas phase, calculated structure of CISO,Nj at the
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charge via the Internet at http://pubs.acs.org.
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