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ABSTRACT: S; is one of the basic allotropes of sulfur but
is still a mysterious labile species. We selectively trapped S,
in a pore of a thermally stable coordination network and
determined S; structure by ab initio X-ray powder
diffraction analysis. S; in a pore has a C,, bent structure.
The network containing trapped S; is remarkably stable
under ambient conditions and is inert to photoirradiation.
S; in the network could be transformed to S¢ by
mechanical grinding or heating in the presence of NH,X
(X = Cl or Br). S¢ could be reverse-transformed to S; by
photoirradiation. We also determined the structure of the
network containing S by ab initio X-ray powder diffraction
analysis.

S ulfur has various allotropes, including small ones (S,, n < 6)
that cannot be isolated from the mixture of small allotropes
in a gas phase or in a solid Ar matrix.'~* These small allotropes
are reactive and readily initiate successive reactions.*”’
Quantum calculation has been used to calculate the structures
of small sulfur allotropes,® "' but no one has reported their
clear structural evidence and chemical properties except for
estimation by rotational spectroscopy of S;'* and S,.'*'* Here
we report selective encapsulation of S; in a crystalline porous
coordination network, determination of the structure of S; by
ab initio X-ray powder diffraction (XRPD) analysis, and the
chemical properties of S;. S; was significantly stabilized in this
network. We also noticed reversible molecular transformation
of S; to S¢ induced by mechanical grinding or heating with
NH,X (X = Cl or Br), the reverse transformation of S4 to S; by
photoirradiation, and polymerization of sulfur in a pore.
Usually, trisulfur has been found as a stable anion radical,
S;7, in zeolite, as in the pigment “Ultramarine”."*™'® However,
in this study we succeeded in trapping and observing a small
neutral sulfur allotrope that is quite unstable under ambient
conditions.

To encapsulate small reactive sulfur allotropes, we chose a
network, [ZnL(TPT),],, (network 1, TPT = 2,4,6-tris(4-
pyridyl)triazine) which has permanent porosity and robust-
ness.”?® These features can be used for many applications, e.g.
as a crystalline molecular flask in which unstable species can be
encapsulated and analyzed by crystallography.”'~** Network 1
can be readily obtained by heating an interpenetrated
network,”® which can be obtained as a powder by instant
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mixing of Znl, and TPT in nitrobenzene and methanol.”’

Network 1 has a saddle-type structure with a pore size, ~6.2 A
X 8.5 A, and pore dimensions, ~8.3 A X 10.5 A. It is thermally
stable enough to maintain porosity until 673 K; its pores can
reversibly encapsulate small molecules, such as nitrobenzene or
iodine, and are of appropriate size to encapsulate sulfur
allotropes smaller than Sg.

In this work, we trapped a small sulfur allotrope in a pore of
network 1 by sulfur vapor diffusion at 533 K for 6 h under
vacuum (initial vacuum rate, ~70 Pa; 0.095 mmol of network 1
and 2.8 mmol of Sg in a 14-mL vessel: Supporting Information
[SI]). After exposure to sulfur vapor, network 1 powder
changed from pale yellow to bright yellow, and the XRPD
pattern clearly changed (Figure 1a)b). The changes of the peak
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Figure 1. Change in XRPD pattern of [ZnL,(TPT),], powder after
sulfur encapsulation. (a) Original network 1, (b) network 2 with
encapsulated sulfur, (c) network 3 with encapsulated sulfur, and (d)
network 4 with encapsulated polymeric sulfur 20 is unified with A =
1.54056 A.
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and relative peak intensity suggest that sulfur was included in
pores of the network. After encapsulating sulfur, the crystal
system of network 1 changed from a = 30.360 A, b = 12.775 A,
c=13.5826 A, Pccn to a = 30.690 A, b = 6.595 A, c = 12.824 A,
B = 91.558° Pn. The structure of the sulfur-encapsulating
network, i.e., network 2, was solved by ab initio XRPD analysis
(SI). We also observed two other sulfur-encapsulating net-
works: network 3 (Figure 1c) and network 4 (Figure 1d); these
will be discussed later. The structure of network 2 was first
solved by using the model of the original network 1 and several
combinations of individual sulfur atoms to obtain the initial
structural information about sulfur allotropes (using DASH?®).
All solutions showed an S; moiety in a pore of the porous
coordination network. Using an S; model obtained by a
rotational spectroscopic experiment,'” ab initio XRPD analysis
was performed again. With the use of the S;-encapsulating
model, the structure was refined with soft restraints for
geometrical parameters bZ the Rietveld method (refined with
the programs RIEAN-FP* and VESTA;*° details are in SI).
The good agreement between experimental and calculated
diffraction patterns shows the correctness of the structure
(Figure 2a). X-ray and elemental analyses suggest that S is
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Figure 2. (a) Experimental (red), calculated (black), and difference
(blue) XRPD profiles from the final Rietveld refinement of network 2.
The experimental pattern was obtained at BL1SXU in SPring-8. (b)
View with a major component of S; along b-axis (occupancy factor =
0.623). C, pink; N, blue; Zn, gray; I, purple; S, yellow. (c) Magnified
view showing disordered S; molecules (occupancy factor = 0.623 and
0.377). (d) View with a major component of S; along c-axis
(occupancy factor = 0.623). (e) View with a major component of Sy
along b-axis (occupancy factor = 0.623).

selectively trapped in a pore of network 1. This is the first
crystal structure determination of a reactive sulfur allotrope
smaller than S The open-triangle C,, structure of S; is in good
agreement with structures obtained using rotational spectro-
scopy.* " The S; in a pore was disordered at two positions
(Figure 2c). Notably, the short interatomic distances between
sulfur and iodide in the major component of S, are 3.3 A and
3.4 A, each of which are considerably shorter than the sum (3.8
A) of their van der Waals radii; this difference indicates a strong
interaction between S; and iodide. Heating network 2 at 453 K
regenerated network 1. To confirm the unique presence of S; in
network 2, rather than a mixture of small sulfur allotropes like
S, S4 and Ss, we performed reflection FT-IR and reflection
Raman microspectroscopic measurements of pure samples of
each powder. The presence of S; was supported by the
characteristic peak of S, in the vibrational spectra.* The S,
trapped in network 2 produces a shoulder at ~680 cm™" in the
IR spectrum that corresponds to the S; asymmetric stretching
mode (Figure S1). In addition, the absences of the character-
istic Raman peak at 720 cm™ for S, and of the IR peak at 650
cm™ for S, support the X-ray powder analysis result (Figure
S2; any experimental data of S; have not been reported).
Usually in zeolite, S; exists as anions S;~ and S$;27."*7'®
Therefore, we used spectroscopy to investigate whether these
ions formed in network 2. Results indicated that the S; in a
pore exists as a neutral allotrope but not as S;~ or $;>7:"*7'% we
confirmed by the absence of IR peaks of S;*~ (868, 487 cm™")
the electron spin resonance (ESR) to be silent (unlike S;~
radical anion) and the absence of UV—vis peaks of S;~ at 595
nm.

Diftuse reflectance UV—vis spectra also provided the
evidence of existence of S; in a pore. In normalized difference
spectra of networks 1 and 2 (Figure S3B), network 2 has an
additional absorption band at ~420 nm, which is attributable to
S;»® From X-ray analysis and spectroscopic results, we
confirmed that only S; was selectively trapped in the pore of
network 2 even though gaseous sulfur contains many sulfur
allotropes (S, to Sg), of which S; has been estimated to
contribute <0.1% at 573 K in saturated sulfur vapor.”

The S; trapped in network 2 is remarkably stable: the XRPD
pattern did not change over 2—3 months even though the
powder of network 2 was left in ambient conditions.
Thermogravimetry/differential scanning calorimetry (TG/
DSC) of network 2 showed a weight decrease at temperatures
>500 K, which indicates that S; evaporated from the pores of
the network (Figure S4).

Usually, sulfur allotropes are quite sensitive to photo-
irradiation. Therefore, we tested whether UV—vis light
irradiation affects S; powder. Photoirradiation with a xenon
lamp at 300—473 K produced no change in the XRPD pattern
(Figure SS).

This result suggests that S; is unaffected by photoirradiation
when encapsulated in a pore, unlike free sulfur allotropes.'
Because ozone is reasonably stable in the absence of reactants
at ambient conditions, it is not surprising that ozone analogue
S, in itself can be stable and inert in an isolated state.

On rare occasions, when we exposed network 1 powder to
sulfur vapor, we obtained another phase (network 3) that
shows an XRPD pattern (Figure 1c) different from that of
network 2. The structure of network 3 was also solved by ab
initio XRPD analysis. Network 3 encapsulates S in its pore.
The good agreement between the experimental and calculated
diffraction patterns in the Rietveld refinement confirms the
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correctness of the structure (Figure 3a). The refinement of the
structure converged with the site occupancy of 0.5 for each
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Figure 3. (a) Experimental (red), calculated (black), and difference
(blue) XRPD profiles from the final Rietveld refinement of network 2.
The experimental pattern was obtained at BL9B in PAL. (b) View
along c-axis. Occupancy factor of S5 = 0.5. (c) View along b-axis. Color
codes are as in Figure 2.

sulfur atom. These results show that 0.5 S4 molecules exist in
each pore; this result corresponds with elemental analysis data.
The S4 in a pore forms a six-membered ring with a chair
conformation that is typical for a discrete Sg molecule.! The
interatomic distances between sulfur and iodide (3.1 A and 3.4
A) are shorter than the sum (3.8 A) of their van der Waals radii.
Like S;, this difference indicates a strong interaction between S
and iodide. S; itself cannot enter the pore physically because
the pore opening is smaller than S

Indeed, an attempt to encapsulate S¢ into a pore using a
CH,CI, solution of S4 was unsuccessful. Therefore, the only
way to encapsulate Sq is by synthesizing it from smaller sulfur
molecules after they enter the pores. However, S; in network 2
was never converted to Sg by heating. Because we obtained
network 3 just a few times, we suspected that the S formation
in network 1 was induced by some impurity in the starting
materials. TPT sometime contains NH,Cl as an impurity.
Indeed, elementary analysis suggests the formation of (network
1)-(Sg)o.s"(NH,Cl), 5 indicates inclusion of NH,Cl in the pore.
Therefore, we tried using NH,Cl to convert S; to Sy in a pore
of network 2.

When network 2 was heated at 473 K with NH,CI for 6 h
under vacuum (~70 Pa, 0.060 mmol of network 2 and 0.063
mmol of NH,Cl in a 4-mL vessel), the XRPD pattern changed
to that of the network that traps S¢ (Figure 4). Because the
transformation of 2S5 to S¢ did not occur in the absence of
NH,C], it may catalyze the S4 ring formation. This trans-
formation reaction also occurred when network 2 was heated
with NH,Br at 573 K in vacuo (Figure S6), suggesting that an
ammonium cation triggered the transformation as a proton
donor®' (Scheme 1). To confirm this mechanism, network 2
was exposed successively to dry HCl and NH;. When network
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Figure 4. Powder pattern changes by heating with NH,Cl and
corresponding structures. (Insets) (a) S; encapsulating network 2; (b)
after heating with NH,CL. The powder pattern of (b) corresponds to
that of network 3.

Scheme 1. Possible Mechanism of Ring Formation
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2 was exposed to dry HCl, the XRPD pattern drastically
changed. After subsequent exposure of this network to NHj,
the XRPD pattern of the powder changed to that of network 3
(Figure S7).

As a control, network 2 was exposed first to NH; and then to
dry HCJ; in this case, NH; did not induce drastic diffraction
pattern changes compared with HCL After introduction of dry
HCI the diffraction pattern became similar to that of network 3
(Figure S8). Therefore, we conclude that transformation of 25,
to S¢ in the presence of NH,Cl is triggered by a proton from an
ammonium cation (Scheme 1). Furthermore, the reverse
transformation of S5 to 2S; was observed after 365-nm
excitation of network 3 at 300 K for S h (Figure S9); this
indicates that, in the pore, S; is more stable to light irradiation
than is Sq.

Bright-yellow powder of network 2 can be converted to pale-
yellow powder of network 3 by mechanical grinding at room
temperature (Figure S10), even though heating S; never
changed it to S¢ in a pore. Basically, S¢ is more stable than S,
therefore, S; conversion to Sy is an enthalpically favorable
reaction. Because at high temperature this conversion reaction
can be entropically not desirable, this conversion did not occur.

We examined the possibility of sulfur polymerization in a
pore. Below 573 K, no polymerization was observed in network
1. However, when sulfur encapsulation was performed in a
sealed tube at 653 K in vacuo, a brownish powder (network 4)
was obtained which showed an XRPD diffraction pattern
different from those of networks 1, 2, and 3 (Figure 1d). The
diffuse-reflectance UV—vis spectrum of network 4 showed
broad absorption bands reaching 1450 nm, i.e., the near-IR
region (Figure S11). The IR spectrum showed a weak band at
692 cm™" which may correspond to an asymmetric stretching
band of the terminal S—S bond (Figure S12). In addition, ESR
of the network 4 powder showed a signal with g = 2.004
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(Figure S13), which corresponds to that of one-dimensional
polymerized sulfur.>*** These observations indicate that
polymerized sulfur was generated in the pores at 653 K. TG
measurement of network 4 showed weight loss of ~5.0% at 573
K, which indicates that sulfur escaped from the pore at
temperatures less than the decomposition temperature (673 K)
of the network (Figure S14). Because polymerized sulfur
allotropes are usually not stable and are readily transformed to
Ss or other ring compounds,’ the S—S bond in the polymer
dissociates at high temperatures. Although we could determine
the network framework of network 4 by ab initio powder X-ray
analysis, we could not determine reasonable models for the
polymerized sulfur, very likely due to severe disorder and the
small amount of sulfur. Because the amount of encapsulated
sulfur is small (5.2% in [(ZnL,);(TPT),(S),7]), the poly-
merized sulfur is randomly distributed among pores and has
smaller occupancy factors than do S; and Sq.

Our findings about S; provide insight into the labile nature of
sulfur allotropes. Considering the small amount of S; in sulfur
vapor at high temperatures, we can assume that the selective
formation of S; and polymerized sulfur in a pore were induced
by more reactive and more abundant sulfur species like S,
(which is a major species in high-temperature sulfur vapor)
trapped in the pores. This encapsulation approach using a
crystalline porous material combined with analyses not only of
single crystals but also ab initio powder structure analysis with
synchrotron light can be applied to explore new chemistry,
especially of unstable species, to improve understanding of
molecular structure, chemical nature, and reaction mechanisms.

B ASSOCIATED CONTENT

© Supporting Information

Experimental details, elemental analysis, ab initio XRPD
analysis, Raman spectra, IR spectra, UV—vis—NIR spectra,
ESR spectra, XRPD patterns, and TG-DSC results, and
crystallographic details (CIF). See CCDC entries 919862 and
919863; these data can be downloaded free of charge via www.
ccde.cam.ac.uk/conts/retrieving.html (or obtained from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax (+44) 1223033; or deposit@
ccde.cam.ac.uk). This material is available free of charge via the
Internet at http://pubs.acs.org.
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