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ABSTRACT: The remarkable, vapor-induced transformation
of the yellow polymorphs of [(C6H11NC)2Au

I](AsF6) and
[(C6H11NC)2Au

I](PF6) into the colorless forms are reported
along with related studies of the crystallization of these
polymorphs. Although the interconversion of these poly-
morphs is produced by vapor exposure, molecules of the vapor
are not incorporated into the crystals. Thus, our observations
may have broad implications regarding the formation and persistence of other crystal polymorphs where issues of stability and
reproducibility of formation exist. Crystallographic studies show that the colorless polymorphs, which display blue luminescence,
are isostructural and consist of linear chains of gold(I) cations that self-associate through aurophilic interactions. Significantly, the
yellow polymorph of [(C6H11NC)2Au

I](AsF6) is not isostructural with the yellow polymorph of [(C6H11NC)2Au
I](PF6). Both

yellow polymorphs exhibit green emission and have the gold cations arranged into somewhat bent chains with significantly closer
Au···Au separations than are seen in the colorless counterparts. Luminescence differences in these polymorphs clearly enhance
the ability to detect and monitor their phase stability.

■ INTRODUCTION
A number of transition metal complexes undergo changes in
color or luminescence upon exposure to volatile organic
compounds. Such complexes provide the basis for the
development of a range of chemosensors.1−3 These sensing
processes, known as vapochromism or vapoluminescence,
invariably result in the uptake of the volatile organic compound
into the solid to produce a change in its structure. For example,
a number of metal chain complexes such as {Tl[Au(C6Cl5)2]}n
are vapochromic as a result of uptake of the volatile
compounds, which coordinate to the metal ions in the chain
and alter the interactions between the metal ions.4−8 Several
planar Pt(II) complexes, e.g., the double salts, [Pt(CNAr)4]-
[Pt(CN)4], form columns in the solid state with extended
···Pt···Pt···Pt··· interactions.9−15 These salts can display
reversible, vapor-induced color changes, which result from
absorption of solvent molecules that alter the nature of the
···Pt···Pt···Pt··· interactions particularly through the formation
of hydrogen bonds with the cyano ligands. Some metal
hydrazone complexes of iron(II), palladium(II), and platinum-
(II) show vapochromic behavior that results from the alteration
of the hydrogen bonding within the supramolecular structures
of the complexes due to the adsorption of the vapor.16,17

Polymeric {CuI(4-picoline)I}n, which shows a blue lumines-
cence (λmax = 437 nm), is transformed into the discrete
tetrameric, yellow luminescent (λmax = 580 nm) {CuI(4-
picoline)I}4·2(toluene) upon exposure to toluene as vapor or
liquid.18,19 The process is reversed by exposure of {CuI(4-
picoline)I}4·2(toluene) to pentane vapor or to vacuum.

Many colorless, nonluminescent, two-coordinate gold(I)
complexes undergo self-association upon crystallization to
produce luminescent solids.20 Aurophilic interactions,21,22

attractive forces between gold ions with bond energies of ca.
7−11 kcal/mol, are an integral component of the self-
association. Since the interactions between the individual
gold(I) monomers are relatively weak, crystallization of these
gold complexes is frequently accompanied by the formation of
polymorphs that can differ in the nature of the aurophilic
interactions and in the luminescence. Polymorphs are isomers
at the individual crystal level in which the same molecule or salt
crystallizes in different fashions, which results in differences in
space group and cell dimensions.23,24 In general, these
polymorphs differ in such factors as the packing of the
molecules and their relative orientation within the crystal, the
conformations of the molecules, and the degree of ordering for
highly symmetric molecules.25,26 In such cases, the physical
properties of the polymorph reflect the individual molecular
character. However, when there are significant electronic
interactions between the components that change in different
polymorphs, there can be important changes in their proper-
ties.27 For example, 4,4′,5,5′-tetramethyl-delta-2,2′-bi-1,3-disele-
nole-7,7,8,8-tetracyano-p-quinodimethane (TMTSF·TCNQ)
forms two polymorphs.28,29 The red form is a semiconductor
that involves a mixed stack of donor and acceptor molecules,
while the black polymorph is a conductor that crystallizes with
segregated stacks of donors and acceptors. These observations
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proved the importance of segregated stacks in producing
electrical conductivity in organic donor−acceptor co-crystals.
Polymorph formation is a particularly challenging issue in the
pharmaceutical industry, since many drugs are formulated as
solids.30,31 Changes in the physical properties, such as
solubility, of those solids can alter their potency, as was the
case with ritonavir (sold as Norvir), an HIV protease
inhibitor.32

Polymorph formation of gold(I) complexes frequently results
in marked changes in spectroscopic properties, particularly
luminescence that is influenced by aurophilic interactions.
Examples of gold(I) complexes that occur as polymorphs
include the yellow and colorless forms of [(C6H11NC)2Au

I]-

(PF6), in which the cations crystallize in extended columns with
shorter Au···Au separations in the yellow form.33 (Ph2MeP)-
AuCl crystallizes in dimeric and trimeric forms with distinct
luminescence for each form.34−36 Leznoff and co-workers have
identified polymorphs of polymeric Cu[Au(CN)2]2(DMSO)2
which differ in their copper coordination.37 Similarly, Zn[Au-
(CN)2]2 crystallizes in four polymorphic forms, three of which
are luminescent.38 The solvoluminescent complex, {Au-
(MeOCNMe)}3, also forms polymorphs.39 The solvolumi-
nescent form crystallizes with prismatic columns in the
hexagonal space group P6/m. This complex also forms non-
solvoluminescent crystals in a triclinic form and a monoclinic
form that lack the columnar stacking seen in the hexagonal
form. A related trinuclear complex, {Au(MeOCN-n-
pentyl)}3, forms two polymorphs which also differ in the
nature of the aurophilic interactions between the molecules.39

Crystals of [μ3-S(Au
ICNC7H13)3](SbF6) undergo a polymor-

phic phase change upon cooling that produces lengthening of
the aurophilic interactions between one pair of cations, while
inducing shortening of the aurophilic contacts between the
other pair of cations. Changes in the luminescence of the
clusters accompany the phase change.40 Some AuI3Cu

I
2 alkynyl

clusters form polymorphs that display green or orange
luminescence.41 Crystals of Au2(μ-dpae)X2 (dpae = bis-
(diphenylarsino)ethane; X = Cl, Br, or I) form dimorphs.
The α-form crystallizes as colorless blocks in which individual
molecules of Au2(μ-dpae)X2 form discrete dimers through
close Au···Au contacts, while the β-form exists as colorless
needles with the Au2(μ-dpae)X2 molecules assembled into
polymeric chains through aurophilic interactions.42

Aurophilic interactions can also produce luminescent crystals
that are responsive to changes in their environment.20,36 In
particular, many gold crystalline complexes display solvo- or
vapoluminescence that is a result of uptake of the vapor into the
solid phase. Thus, the binuclear dithiocarbamate complex,
AuI2(S2CN(n-pentyl)2, crystallizes in a colorless, nonlumines-
cent form that contains well-separated, dimeric molecules, but
an orange, luminescent form is produced when the colorless
solid is exposed to solvent vapors such as dimethyl sulfoxide
(DMSO).43,44 Crystallographic characterization of an orange,
luminescent form, AuI2(S2CN(n-pentyl)2·DMSO, shows the
crystals contain the uncoordinated DMSO molecule and an
extended chain of the dimers with short inter- and intra-
molecular Au···Au separations of 2.96 and 2.77 Å. In a related
vein, the binuclear complex Au2(μ-dppp)(BIT)2 (where dppp =
bis(diphenylphosphine)propane and BIT = 2-benzimidazole-
thiol) produces blue luminescence, but that luminescence is
quenched when the crystals are exposed to the vapor of
trifluoroacetic acid.45 The acid vapor is absorbed by the crystals,
and the nature of the aurophilic interactions within the crystals

is altered. Treatment of the crystals with triethylamine reverses
the process and restores the luminescence. Exposure of the
polymorphs of Zn[Au(CN)2]2 to ammonia vapor results in the
alteration in the luminescence and the formation of Zn-
(NH3)n[Au(CN)2]2 with n = 2 or 4.38 Similarly, the
polymorphs of Cu[Au(CN)2]2(DMSO)2 display vapochromic
behavior that results in the uptake of the organic vapor into the
solid.37

Here, we report the observation of vapor-induced structural
and luminescence changes in [(C6H11NC)2Au

I](PF6) and the
newly synthesized [(C6H11NC)2Au

I](AsF6) that do not involve
the uptake of the vapor molecules into the solid, and we
examine the processes of crystallization of these two salts that
are relevant to the effects of vapor on the luminescence and
structure of these polymorphs.

■ RESULTS
The salt [(C6H11NC)2Au

I](AsF6) was prepared using the
procedure previously developed for [(C6H11NC)2Au

I](PF6)
with the replacement of (NH4)(PF6) with Li(AsF6).

46 Crystals
of two different polymorphs (colorless blocks of one, yellow
needles of the other) were obtained by crystallization from
dichloromethane/diethyl ether mixtures, vide inf ra. The UV/vis
spectra of dichloromethane solutions of the two forms are
identical [λmax, nm (ε): 216 (9540), 238 (3070), 244 (3390)]
and similar to those of dichloromethane solutions of
[(C6H11NC)2Au

I](PF6) reported previously.33 Solutions of
[(C6H11NC)2Au

I](AsF6), like those of [(C6H11NC)2Au
I]-

(PF6), are not luminescent. However, each crystalline
polymorph shows a distinctive luminescence, as the data in
Figure 1 show. The colorless polymorph produces a blue
emission, while crystals of the yellow polymorph produce a
greenish luminescence. The infrared spectra of the two
polymorphs are also similar but show differences in the region
of the isocyanide stretching vibration: colorless polymorph,
2270, 2257 cm−1; yellow polymorph, 2262 cm−1.

Structures of the Colorless and Yellow Polymorphs of
[ (C6H11NC)2Au

I ] (AsF6 ) and Comparison with
[(C6H11NC)2Au

I](PF6). Crystallographic data for the two
polymorphs of [(C6H11NC)2Au

I](AsF6) are compared with
those of the two polymorphs of [(C6H11NC)2Au

I](PF6) in
Table 1. The colorless polymorph of [(C6H11NC)2Au

I](AsF6),
whose structure is illustrated in Figure 2, is isostructural with
the colorless polymorph of [(C6H11NC)2Au

I](PF6). Both
colorless polymorphs crystallize in the space group P21/c
with an asymmetric unit that consists of two half-cations with
the gold atoms located at centers of symmetry and one anion in
a general position. Since each gold atom is located on a center
of symmetry, the two isocyanide ligands coordinate gold in a
linear fashion. The gold cations aggregate into an infinite linear
chain along the crystallographic a axis. Within these chains, the
Au1···Au2 contact in the (AsF6)

‑ salt is 3.1983(8) Å, which is
slightly longer than the corresponding separation (3.1822(3)
Å) in the colorless polymorph of [(C6H11NC)2Au

I](PF6).
Adjacent cations alternate in orientation and form a semi-
staggered array. The orientations of the cyclohexyl groups
alternate between axial and equatorial as one moves along the
chain of cations. Thus, for the cation containing Au1, the
isocyano group is located in an axial site on the cyclohexyl ring,
while in the cation containing Au2, the isocyano group resides
in an equatorial position of the cyclohexyl ring.
Remarkably, the yellow polymorph of [(C6H11NC)2Au

I]-

(AsF6) is not isostructural with the yellow polymorph of
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[(C6H11NC)2Au
I](PF6). The yellow polymorph of

[(C6H11NC)2Au
I](AsF6) crystallizes in the space group P1 ̅

with two halves of cations located on centers of symmetry,
another cation in a general position, and two disordered anions

in general positions in the asymmetric unit. The cations form
kinked chains as seen in Figure 3. The separations between the
gold ions are shorter than those found in the colorless
polymorph: Au1···Au2, 3.0230(5), Au2···Au3, 3.0097(6) Å.
The Au2···Au1···Au2A and Au2···Au3···Au2B angles are
required by symmetry to be 180°, while the Au1···Au2···Au3
angle is 154.63(2)°. Again, along the chain of cations, the
cyclohexyl groups alternate between axial and equatorial
positions. The cyclohexyl groups on the ligands attached to
Au2 are in equatorial positions, while the cyclohexyl groups on
the ligands attached to Au1 and Au3 are in axial positions.
Figure 4 affords a comparison of the extended chains of

cations that are found in the four different types of crystals of
[(C6H11NC)2Au

I](PF6) and [(C6H11NC)2Au
I](AsF6).

Concomitant and Controlled Growth of Polymorphs
of [(C6H11NC)2Au

I](PF6) and [(C6H11NC)2Au
I](AsF6). The

conditions for obtaining these polymorphs have been
examined, and the crystallization from dichloromethane/diethyl
ether mixtures has been studied in some detail. Figure 5 shows
some relevant results obtained by photographing beakers in
which crystallization of [(C6H11NC)2Au

I](PF6) occurred. In
order to enhance the contrast, these photographs were taken
with the sample illuminated by a UV lamp. As the photograph
in Figure 5A demonstrates, both polymorphs of
[(C6H11NC)2Au

I](PF6) can crystallize concomitantly.47 Con-
ditions used to obtain this sample are given in the Experimental
Section. Alternately, by using a minimal amount of diethyl ether
during crystallization, only the colorless, blue-glowing poly-
morph forms, as shown in Figure 5B. If a large volume of
diethyl ether is used and the sample is stirred, then the yellow,
greenish-glowing polymorph forms, as shown in Figure 5C.
Figure 6 shows photographs demonstrating that the

crystallization of these two polymorphs of [(C6H11NC)2Au
I]-

(PF6) can be spatially controlled. This figure shows pictures of
two 5 mm o.d. glass tubes aligned vertically. A sample of
[(C6H11NC)2Au

I](PF6) dissolved in dichloromethane was
placed in the bottom of each tube. Subsequently, diethyl
ether was very carefully layered over each sample. After
diffusion of the two phases together, crystallization occurred
with the yellow, greenish-glowing polymorph preferentially
growing in the upper, diethyl ether-rich section, while the
colorless, blue-glowing polymorph formed in the lower,
dichloromethane-rich section. These observations are also
consistent with the data shown in Figure 5. Similarly, the
colorless, blue-glowing polymorph of [(C6H11NC)2Au

I](AsF6)
preferentially forms in a dichloromethane-rich environment,
while the corresponding yellow, greenish-glowing polymorph
forms in a diethyl ether-rich environment.

Vapor-Induced Interconversion of Polymorphs of
[(C6H11NC)2Au

I](PF6) and [(C6H11NC)2Au
I](AsF6). Remark-

ably, exposure of crystals of the yellow, green-glowing
polymorph of [(C6H11NC)2Au

I](PF6) or of [(C6H11NC)2Au
I]-

(AsF6) to the vapors of some organic liquids results in their
conversion into the colorless, blue-glowing polymorph. Figure
7 shows the effect on a bundle of crystals of [(C6H11NC)2Au

I]-

(AsF6): panels A under ambient light and B under UV
irradiation show the sample before exposure to vapor, and
panels C and D show the sample after exposure to
dichloromethane vapor, which was wafted across the sample
from the upper left toward the lower right. As the photographs
show, the sample is transformed into blue-glowing material
without any detectable change in its external shape.

Figure 1. Excitation (left) and emission (right) spectra of the
polymorphs of [(C6H11NC)2Au

I](AsF6): (A,B) colorless, blue-glowing
polymorph at 298 and 77 K, respectively; (C,D) yellow, green-glowing
polymorph at 298 and 77 K, respectively.
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Figure 8 shows that the transformation is not simply
occurring on the surface. Again we start with the sample of
yellow, green-glowing polymorph of [(C6H11NC)2Au

I](AsF6)
under ambient light (Figure 8A) and under UV irradiation
(Figure 8B). After exposure to dichloromethane vapor, the
sample is partially converted into the blue-glowing polymorph
as shown in Figure 8C. Crushing this blue-glowing tip of this
sample reveals that the transformation has not just altered the
surface but has penetrated into the bulk of the sample.
Similar behavior is also shown by the yellow, green-glowing

polymorph of [(C6H11NC)2Au
I](PF6). Figure 9 shows photo-

graphs taken from a sample in which a bundle of yellow crystals
of [(C6H11NC)2Au

I](PF6) was cemented into a hole on a glass
box with vacuum grease. Dichloromethane vapor was added to

the inside of the box. The photograph shows the sample with
the lower part inside the box and the upper part protruding
outside the box. As time passes and vapor exposure continues
inside the box, the sample gradually is transformed from green-
glowing to blue-glowing. The portion of the sample outside the
box is also affected, and it appears that the transformation is
progressing along the bundle from inside to outside.
The transformation of the yellow, green-glowing polymorph

of [(C6H11NC)2Au
I](PF6) into the colorless, blue-glowing

form has also been monitored by X-ray powder diffraction as
shown in Figure 10. The powder patterns of yellow, green-
glowing polymorph of [(C6H11NC)2Au

I](PF6) are shown in
traces A and B. Trace A shows the pattern computed from the
single crystal diffraction data, while trace B shows the

Table 1. Crystallographic Data for Salts of [(C6H11NC)2Au
I]+

[(C6H11NC)2Au
I](PF6) [(C6H11NC)2Au

I](AsF6)

yellow polymorpha colorless polymorpha colorless polymorph yellow polymorph

color/habit yellow plate colorless needle colorless block yellow-green rod
formula C14H22AuF6N2P C14H22AuF6N2P C14H22AsAuF6N2 C14H22AsAuF6N2

fw 560.27 560.27 604.22 604.22
crystal system orthorhombic monoclinic monoclinic triclinic
space group P212121 P21/c P21/c P1̅
a, Å 11.5235(7) 6.3644(5) 6.3965(15) 11.7708(12)
b, Å 24.1416(15) 16.9806(15) 17.194(4) 12.4924(13)
c, Å 26.0516(16) 16.7224(13) 16.729(4) 14.783(3)
α, deg 90 90 90 113.248(2)
β, deg 90 92.693(3) 92.658(8) 106.757(2)
γ, deg 90 90 90 91.716(2)
V, Å3 7247.4(8) 1805.2(3) Å3 1837.9(7) Å3 1886.8(5)
Z 16 4 4 4
T, °C 91(2) 91(2) 90(2) 180(2)
λ, Å 0.71073 0.71073 0.71073 0.71073
ρ, g/cm3 2.054 2.061 2.184 2.127
μ, mm−1 8.264 8.294 9.847 9.592
R1 (obsd data)b 0.055 0.019 0.020 0.057
wR2 (all data, F2 refinement)

c 0.123 0.053 0.050 0.164
aData from ref 33. bR1 = (∑||Fo| − |Fc||)/∑|Fo|.

cwR2 = ((∑[w(Fo
2 − Fc

2)2])/∑[w(Fo
2)2])1/2.

Figure 2. Drawing of a portion of the columnar structure of the
colorless polymorph of [(C6H11NC)2Au

I](AsF6). For clarity the atoms
are represented by arbitrarily sized circles, and the hydrogen atoms
have been omitted. Only four of the five anions are shown.

Figure 3. Drawing of a portion of the chain of cations in the yellow
polymorph of [(C6H11NC)2Au

I](AsF6). For clarity, the atoms are
represented by arbitrarily sized circles, and the hydrogen atoms have
been omitted. Only four of the five anions are shown.
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experimental data for the yellow, green-glowing polymorph.
After exposure of the sample in trace B to dichloromethane
vapor, the data in trace C were obtained. Comparison of the
data in trace C with those obtained from a sample of the
colorless, blue-glowing polymorph of [(C6H11NC)2Au

I](PF6)
presented in trace D show that the conversion occurs without
the net uptake of any vapor.

Dichloromethane vapor is not the only gas that can convert
the yellow, green-glowing polymorphs into their colorless, blue-
glowing counterparts. Exposures to vapors of acetone,
methanol, or acetonitrile also cause this transformation. On
the other hand, the vapors of diethylether, water, or pentane do
not produce any change to the yellow, green-glowing
polymorphs. Notice the parallels here with the crystal growth
experiments. The yellow, green-glowing polymorphs grew in
diethyl ether-rich regions, and diethyl ether vapor has no affect
on this polymorph. On the other hand, the colorless, blue-
glowing form grew in dichloromethane-rich regions, and
dichloromethane vapor converts the yellow, green-glowing
polymorph into the colorless, blue-glowing polymorph.

Thermally Induced Interconversion of Polymorphs of
[(C6H11NC)2Au

I](AsF6). Upon heating, the colorless, blue-
emitting polymorph of [(C6H11NC)2Au

I](AsF6) is transformed
into a yellow solid, without melting over the temperature range,
98−102 °C. Figure 11A, B shows the luminescence spectra of a
sample of the colorless polymorph after heating to 120 °C and
then cooling the sample. Comparison of these two spectra with
the spectra in Figure 1, shows that the heat treated sample has
the same emission characteristics as the yellow, green-emitting

Figure 4. Drawing comparing the chains of cations found in the
polymorphs of [(C6H11NC)2Au

I](AsF6) and [(C6H11NC)2Au
I](PF6).

For clarity, only one carbon atom of each cyclohexyl ring is shown and
the anions are omitted.

Figure 5. Crystallization of [(C6H11NC)2Au
I](PF6) from dichloro-

methane/diethyl ether mixtures: (A) concomitant crystallization of
colorless, blue-glowing and yellow, green-glowing crystals; (B)
exclusive formation of colorless, blue-glowing polymorph; (C)
exclusive formation of the yellow, green-glowing polymorph produced
by stirring the mixture.

Figure 6. Photographs demonstrating spatially separated crystallization
of the colorless, blue-glowing and yellow, green-glowing crystals of
[(C6H11NC)2Au

I](PF6) in two 5 mm o.d. glass tubes. The complex
was dissolved in dichloromethane and placed at the bottom of each
tube. Subsequently, diethyl ether was very carefully layered over the
dichloromethane solution and the mixture allowed to stand
undisturbed.
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polymorph of [(C6H11NC)2Au
I](AsF6). X-ray powder diffrac-

tion (see Supporting Information) also confirms that heating
the colorless solid to 120 °C without melting results in its
transformation into the yellow, green-emitting polymorph.
Further heating of this sample results in melting over the
temperature range 123−125 °C to give a colorless, luminescent
melt. Upon cooling the melt, a yellow solid is formed. As the
emission spectra shown in Figure 11C, D reveal, the emission
of the material at this stage does not correspond to the spectra
of either the colorless or the yellow polymorph. However, after

standing for 24 h, the emission spectrum of the sample changes
into that of the yellow, green-emitting polymorph as seen in the
data in Figure 11E, F. Attempts to obtain X-ray powder
diffraction from the sample used to generate the spectra shown
in Figure 11C, D were not successful. Thus, this metastable
solid appears to be amorphous, not crystalline.
Heating the yellow polymorph results in its melting over the

temperature range 123−126 °C to produce a colorless,
luminescent melt. This behavior is consistent with the
observations on heating the colorless polymorph to produce
the yellow phase that melted at 123−125 °C.
The polymorphs of [(C6H11NC)2Au

I](PF6) do not undergo
an analogous phase change. As reported earlier, the colorless
polymorph melts over the temperature range 115−120 °C,
while the yellow polymorph melts over the range, 110−115
°C.33 Both yield a colorless melt with a bluish emission and
form the yellow polymorph upon cooling.

■ DISCUSSION
The crystallographic data for the yellow and colorless forms of
[(C6H11NC)2Au

I](AsF6) show that they are true polymorphs
that are free of any sort of solvate inclusion. Similar
considerations hold for the yellow and colorless forms of
[(C6H11NC)2Au

I](PF6). Remarkably, the yellow polymorphs
of [(C6H11NC)2Au

I](AsF6) and [(C6H11NC)2Au
I](PF6) are

not isostructural, but crystallize in different space groups and

Figure 7. Photographs of crystals of [(C6H11NC)2Au
I](AsF6): (A)

under ambient light, (B) under UV irradiation, (C) after exposure to
dichloromethane vapor under UV irradiation, and (D) after additional
exposure to dichloromethane vapor under UV irradiation.

Figure 8. Photographs of crystals of [(C6H11NC)2Au
I](AsF6): (A)

under ambient light, (B) under UV irradiation, (C) after exposure to
dichloromethane vapor under UV irradiation, and (D) after crushing
the crystal under UV irradiation.

Figure 9. Photographs of a bundle of crystals of [(C6H11NC)2Au
I]-

(PF6) at various times after exposure to dichloromethane vapor. The
lower part of the bundle is inside a box where dichloromethane vapor
is present, while the top part of the bundle is outside the box.
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have differences in the nature of self-association in the columns
of cations as best seen in Figure 4. On the other hand, the
colorless, blue-emitting polymorphs are isostructural with the
most significant difference occurring in the Au···Au separation.
That separation is larger for the colorless form of
[(C6H11NC)2Au

I](AsF6) which has the larger anion. Likewise,
the Au···Au separations are slightly longer in the yellow
polymorph of [(C6H11NC)2Au

I](AsF6) than in the yellow
polymorph of [(C6H11NC)2Au

I](PF6).
Among the four structures of [(C6H11NC)2Au

I](AsF6) and
[(C6H11NC)2Au

I](PF6), it is interesting to compare the axial/
equatorial orientations of the cyclohexyl rings along each chain.
Each cation in all four different types of crystals is coordinated
by two cyclohexylisocyanide ligands that share the same
conformation of the cyclohexyl group. Thus, there are two
types of cations: one with both the isocyano groups in axial
positions of the cyclohexyl rings, the other with the isocyano

Figure 10. Powder X-ray diffraction data for [(C6H11NC)2Au
I](PF6).

(A) Computed pattern from the single crystal data for the yellow
polymorph. (B) Experimental data from the yellow polymorph. (C)
Observed diffraction from the same sample after exposure to
dichloromethane vapor. (D) Experimental data from the colorless
polymorph.

Figure 11. Excitation (left) and emission (right) spectra the colorless,
blue-glowing polymorph of [(C6H11NC)2Au

I](AsF6): (A, B) after
heating to 393 K and cooling to 298 and 77 K, respectively; (C, D)
after melting at 403−406 K and immediately cooling to 298 and 77 K,
respectively; (E, F) the same sample used to obtain the spectra in
panels C and D after standing at 298 K for 24 h, recorded at 298 and
77 K, respectively.
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groups in equatorial positions in the cyclohexyl ring. These two
types of cations alternate along any of the chains found in the
four crystalline materials discussed here. In these crystals, none
of the cations has one isocyano group in an equatorial position
and the other in an axial position.
Although the yellow polymorphs of [(C6H11NC)2Au

I](AsF6)
and [(C6H11NC)2Au

I](PF6) differ in their structures, both are
sensitive to the vapors of certain volatile organic compounds
and undergo a vapor-induced transformation into the respective
colorless, blue-emitting polymorph. This transformation occurs
throughout the crystal, although it appears to originate on the
surface. Thus, finely ground samples respond much more
rapidly to the presence of vapor than do large crystals. While
transient absorption of the vapor onto the surface of the
crystals may occur during the phase transition, there is no net
uptake of molecules of vapor into these crystals. Thus, the
vapor-triggered process reported here differs markedly from
those of other vapochromic and vapoluminescent materials
where vapor is incorporated into the crystals and their
composition changes. In regard to these transformations,
additional studies are in progress to better understand the
mechanism involved. The alternating axial/equatorial orienta-
tion of the cyclohexyl rings along each chain may provide a
domino-like mechanism that allows reorientation of the
individual cations in the yellow polymorph when vapor
interacts with the crystal surface.
Since the polymorphs of [(C6H11NC)2Au

I](AsF6) and
[(C6H11NC)2Au

I](PF6) are intensely luminescent, their
reactions are readily monitored, particularly by the human
eye. Other vapor-related polymorphic phase changes could
easily go unnoticed in nonluminescent crystals and could
contribute to the difficulties encountered in regard to
polymorph formation (disappearing polymorphs) and stabil-
ity.48 Control of polymorph stability is a significant feature in
any technological process that utilizes chemicals in crystalline
form and is a particular issue for drug development, since many
drugs are prepared and used in solid form.30,31,49,50

■ CONCLUSIONS

We have examined aspects of the crystallization of polymorphs
of [(C6H11NC)2Au

I](AsF6) and [(C6H11NC)2Au
I](PF6) and

documented the remarkable, vapor-induced conversion of the
yellow, green-glowing polymorphs, each with a different
crystallographic structure, into the corresponding colorless,
blue-emitting polymorph.

■ EXPERIMENTAL SECTION
Materials. Isocyanides are toxic and foul smelling and need to be

handled appropriately. All reactions were carried out in the
atmosphere at room temperature in a well-ventilated hood. Samples
of cyclohexyl isocyanide were purchased from Aldrich and used as
received. Chloro(tetrahydrothiophene)gold(I) was prepared by an
established method.51

Preparation of [(C6H11NC)2Au
I](AsF6). A 25 mL beaker was

charged with 0.275 g (0.858 mmol) of chloro(tetrahydrothiophene)-
gold(I), 0.187 g (1.71 mmol) of cyclohexyl isocyanide, and 5 mL of
acetonitrile while stirring. Once the mixture became homogeneous
(after ∼10 min), 0.170 g (0.868 mmol) of lithium hexafluoroarsenate
in 8 mL of acetonitrile was added. The combined mixture was stirred
for 30 s and filtered, and volatiles were removed by rotary evaporation.
The residue was dissolved in 5 mL of dichloromethane, and the
resulting solution was filtered through a short pad of Celite. Diethyl
ether was then added to precipitate 0.424 g (0.702 mmol) of
[(C6H11NC)2Au

I](AsF6) as a colorless solid (82%). To obtain the

yellow-green polymorph of [(C6H11NC)2Au
I](AsF6), 0.100 g (0.165

mmol) of either white or yellow-green [(C6H11NC)2Au
I](AsF6) was

dissolved in 0.4 mL of dichloromethane. A copious amount of diethyl
ether (∼40 mL) was then rapidly added to the colorless solution,
immediately producing a white microcrystalline solid that turns yellow-
green upon standing. However, gently rubbing the flask’s sides with a
wooden applicator stick after the addition of diethyl ether promotes
the rapid formation of the yellow-green polymorph while reducing the
formation of the colorless polymorph. To obtain the colorless
polymorph of [(C6H11NC)2Au](AsF6), 0.100 g (0.165 mmol) of
either white or yellow-green [(C6H11NC)2Au](AsF6) was dissolved in
3 mL of dichloromethane, followed by the slow addition of diethyl
ether until colorless needles started to form. Swirling the flask and
slow addition of more diethyl ether helps ensure complete
crystallization of the colorless polymorph. 1H NMR (400 MHz,
CDCl3, 25 C): δ = 4.11 (m, 2H), 2.00 (m, 4H), 1.77 (m, 4H), 1.66
(m, 4H), 1.44 (m, 4H), 1.41 (m, 4H). 13C{1H} NMR (100 MHz,
CDCl3, 25 °C): δ = 138.4, 55.9, 31.2, 24.4, 22.6. UV (CH2Cl2) λmax,
nm (ε): 216 (9543), 238 (3068), 244 (3386). IR: yellow-green
polymorph, 2969, 2947, 2943, 2879, 2865, 2841, 2262 cm−1; colorless
polymorph, 2970, 2884, 2846, 2835, 2270, 2257 cm−1.

Production of the Mixture of Blue and Green Luminescent
Crystals of [(C6H11NC)2Au](PF6) Shown in Figure 5A. A 0.238 g
(0.425 mmol) sample of [(C6H11NC)2Au](PF6) was placed in a 250
mL beaker with 5 mL of dichloromethane. A 15 mL portion of diethyl
ether was added to this colorless, nonluminescent solution, whereupon
a luminescent haze formed. Swirling the beaker removed this haze and
the luminescence associated with it. An additional 10 mL of diethyl
ether was added to produce this luminescent haze that disappeared
with gentle swirling of the flask. The process was repeated once more
using 5 mL of diethyl ether. Then, very gently, ∼120 mL of diethyl
ether was layered over the dichloromethane/diethyl ether solution.
This addition produced a 3/4 in. wide band with a bluish/green
luminescent haze in between these layers. Within this band both blue-
glowing and green-glowing crystals formed. As the layers began to
diffuse together over the next 15 min, blue-glowing and green-glowing
crystals started to form in all regions of the beaker.

Production of the Blue Luminescent Crystals of
[(C6H11NC)2Au](PF6) Shown in Figure 5B. A 0.250 g (0.446
mmol) sample of [(C6H11NC)2Au](PF6) was placed in a 250 mL
beaker with 6 mL of dichloromethane. A 15 mL portion of diethyl
ether was added to this colorless, nonluminescent solution, whereupon
a luminescent haze formed. Swirling the beaker removes this haze and
the luminescence associated with it. An additional 15 mL of diethyl
ether was again added to produce this luminescent haze that again
went away with gentle swirling of the flask. The process was repeated
twice more using 5 mL of diethyl ether at each addition. At this point
small, blue luminescent crystals began to form in the beaker. A final
addition of ∼35 mL of diethyl ether was made, and the entire contents
of the beaker were allowed to stand for several minutes, whereupon
larger blue luminescent crystals formed.

Production of the Green Luminescent Microcrystalline
[(C6H11NC)2Au](PF6) Shown in Figure 5C. A 0.148 g (0.264
mmol) sample of [(C6H11NC)2Au](PF6) was placed in a 250 mL
beaker with 1 mL of dichloromethane. To this colorless, non-
luminescent solution was rapidly added 200 mL of diethyl ether,
whereupon a green luminescent haze formed. Rapid stirring of this
mixture with a wooden applicator stick produced a microcrystalline,
green luminescent solid. After approximately 5 min no other solid
material formed. Careful inspection of the bulk material showed no
contamination of the blue luminescent polymorph. If after the green
luminescent haze formed, no rapid stirring took place, larger green
luminescent crystals began to form. However, small amounts of blue
luminescent crystals also formed alongside these green luminescent
crystals.

X-ray Crystallography and Data Collection. The crystals were
removed from the source together with a small amount of mother
liquor and immediately coated with a hydrocarbon oil on the
microscope slide. A suitable crystal of each compound was mounted
on a glass fiber with silicone grease and placed in the cold stream of a

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja302025m | J. Am. Chem. Soc. 2012, 134, 10885−1089310892



Bruker SMART CCD with graphite-monochromated Mo Kα
radiation. Crystal data are given in Table 1.
The structures were solved by direct methods and refined with all

data (based on F2) using the software of SHELXTL 5.1. A multiscan
method utilizing equivalents was employed to correct for absorption.52

Hydrogen atoms were added geometrically and refined with a riding
model.
Physical Measurements. Infrared spectra were recorded as

pressed KBr pellets on a Matteson Galaxie Series FTIR 3000
spectrometer. Electronic absorption spectra were recorded using a
Hewlett-Packard 8450A diode array spectrophotometer. Fluorescence
excitation and emission spectra were recorded on a Jobin Yvon
Fluoromax-P luminescence spectrophotometer.

■ ASSOCIATED CONTENT

*S Supporting Information
Figures SI-1−SI-7, showing X-ray powder diffraction data for
the yellow and colorless polymorphs; X-ray crystallographic
files in CIF format for the colorless and yellow polymorphs of
[(C6H11NC)2Au](AsF6). This material is available free of
charge via the Internet at http://pubs.acs.org.
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(4) Fernańdez, E. J.; Loṕez-de-Luzuriaga, J. M.; Monge, M.; Olmos,
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