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Photoluminescence of self-assembled Ag(i) and
Au(1) N-heterocyclic carbene complexes. Interplay
the aurophilic, hydrogen bonding and hydrophobic
interactionsy

Herbert J. H. Syu,” Josh Y. Z. Chiou, Ju-Chun Wang and Ivan J. B. Lin

N-Hexadecanyl-N'-(2-hydroxyhexadecanyl)imidazol-2-ylidene (denoted as Cy,C16(2-OH)-imy), in which
one of the alkyl chains was anchored with a hydroxyl group at 2-position, was used to synthesize silver
and gold N-heterocyclic carbene (NHC) complexes. The silver complex [(Ag(Ci6,Ci6(2-OH)-imy),),l
[Ag2Cly] (1) shows liquid crystalline behavior and gold complexes [Au(Ci6,Ci6(2-OH)-imy)Cll (2),
[Au(C16,C16(2-OH)-imy),l[BF4] (3) and [Au(C16,Ci6(2-OH)-imy),l[PF¢l (4) are soft materials. Compounds 1
and 2 are emissive, arising from metal-metal interactions. Compound 2 shows different emission colors
depending on whether the sample is prepared as a crystal, soft material, or thin film. The relative
strengths of aurophilic, hydrogen bonding and chain—chain hydrophobic interactions in the different
states are investigated by powder X-ray diffraction, and Raman and IR spectroscopies. Results show that
the one with a stronger Au—Au interaction displays a longer emission wavelength and has weaker O-H

rsc.li/rsc-advances

Introduction

In the past few decades, research on supramolecular chemistry
has grown exponentially, with the aim at understanding the
chemistry beyond covalent bonds. Supramolecular chemistry
concerns the chemical systems formed by the self-assembly of
chemical species via intermolecular interactions.”” While
various interactions are possible, they are either competitive or
cooperative in the controlling of the structure building. For
example, the competition between N-H---O hydrogen bonding
and -7 interactions in amide functionalized 2,6-diethynylan-
thracene derivatives could lead to different supramolecular
structures resulting in a change of emission color.? On the other
hand, the C-H---O and N-H:--N hydrogen bondings in 1-
acetamido-3-(2-pyrazinyl)imidazolium  hexafluorophosphate
salt could be cooperatively interplayed to build up triple helical
supramolecules.*

Liquid crystals (LCs), a type of soft matter, are partially
ordered fluids, formed from self-assembled supramolecules.
The structure of LCs can be easily deformed or changed by
external stimuli, such as thermal, mechanical or electric
stresses. These stimulations could tune the predominating
supramolecular interactions and result in a change of their
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hydrogen bonding and hydrophobic interactions.

physical properties, such as molecular alignment or emission
color.>® Interest in emissive soft matter has increased rapidly
because of their potentials as organic light-emitting diodes
(OLEDs).” We have been interested in the preparation of LCs of
Ag(1)- and Au(1)-NHC complexes, as they are relatively stable,
and may exhibit photoluminescence induced by aurophilic or
argentophilic interactions, arisen from the attractive interac-
tions between closed-shell d'° metal centers. Up to the present,
reports of liquid crystalline Ag(i)- and Au(1)-NHC complexes are
limited.**® Previously, we reported [Au(NHC)(im-R)] (im-R =
monosubstitution imidazole with alkyl or 2-hydroxy-substituted
alkyl) compounds, which exhibit sematic A mesophase and are
good precursors for the fabrication of Au NPs.® We also reported
that Ag(1)- and Au())-NHCs having N-acetamido group show
SmA liquid crystals. The latter compounds could self-assemble
to form xerogel through coulombic, hydrophobic and hydrogen
bonding interactions.’ In a later publication, Ag(i) complexes
with cyanobiphenyl or cholesteryl functionalized gemini NHC
ligands has been shown to exhibit enantiotropic SmA phase.*
However, with simple N-long alkyl chains, complexes of type
[M(NHC),][anion] are known to form ordered soft materials, but
failed to display liquid crystal properties."

In this work we incorporate a hydroxyl groups at the 2-
position of the N-alkyl chain in Ag(i)- and Au(1)-NHC complexes
hoping to induce hydrogen bonding interactions to promote the
formation of mesophase, and further to interplay the hydrogen
bonding, metallophilic and hydrophobic interactions in these
compounds to influence or tune their photoluminescence.
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Results show that the neutral Au(NHC)Cl compound displays
aggregation dependent emissive behavior. Previously, we re-
ported that N,N'-dimethyl substituted Au(NHC)Cl complex
exhibited a strong emission at Ay, of 620 nm arisen from
extended Au-Au interaction via aggregation, but was silent at
the absence of this interaction.” Similar aggregation induced
luminescence has also been established in systems such as Pt()
cyclometalated complexes.”*™* Unlike those known examples,
however, the present work shows that extended aggregation
only tunes the emission of Au(i)-NHC to a longer wavelength.
Furthermore the interplay of the relative strength of aurophilic,
hydrogen bonding and hydrophobic interactions has not been
reported.

Result and discussion

[(Ag(C16,C16(2-OH)-imy),),][Ag>Cly] (1), where (Cy6,C16(2-OH)-
imy) is an NHC of N-hexadecanyl-N'-(2-hydroxyhexadecanyl)
imidazol-2-ylidene, is prepared via reaction of Ag,O with
[C16,C16(2-OH)-imyH)]-[CL]."*  The neutral  Au())-NHC
compound, [Au(C;6,C16(2-OH)-imy)Cl] (2), is synthesized
through transmetallation from the corresponding Ag(1)-NHC
compound. The ionic bis-carbene complexes of [Au(C;6,C16(2-
OH)-imy),][BF,4] (3) and [Au(C16,C16(2-OH)-imy),][PF¢] (4) are
prepared by the reaction of [Au(Ci6,Cq6(2-OH)-imy)Cl] with
imidazolium salts of BF,” and PF, ", respectively, in the pres-
ence of K,CO; (Scheme 1)."” Attempts to prepare bis-carbene
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cations directly from reaction of 1 and Au(SMe,)Cl in a 1 to 2
molar ratio (NHC/Au = 2) always give mixtures of neutral mono
and ionic bis-NHC products, which are difficult to purify. One of
the reasons for the sluggish transfer of the second NHC from 1
to the neutral compound could be rationalized by the steric
hindrance of the long N-alkyl chain.

Single crystals of 1 and 2 are obtained from concentrated
DMSO/CH,Cl, and CH,Cl,/ethanol solution, respectively. Due
to the poor crystal quality of complex 1 we have been unable to
locate the details of the long chain atoms. However, that the
core structure of the tetranuclear Ag(1))-NHC comprises two
cations of [Ag(NHC),]" intercalated by an anion of [Ag,Cl,]*~
and that the alkyl chains are non-interdigitated could be
deduced. The core structure and the chain stacking are similar
to our reported tetrasilver()-NHC complexes with simple alkyl
chains."* Results are provided in Fig. S1.}

The ORTEP drawing of 2 is given in Fig. 1a. This compound
adopts a linear NHC-Au-Cl geometry around the Au(1) center
with CI(1)-Au(1)-C(1) angle of 178.0(2)°. The two alkyl chains
tilt ca. 34° from the imidazole ring plane and are stretched at
opposite directions. The molecular structure of 2 looks like
a rod of NHC with a pendant AuCl moiety at the center. The
Au(1)-C(1) and Au(1)-Cl(1) bond distances of 1.965(7) A and
2.286(2) A, respectively, are normal compared to the known
compounds.'® Considering molecular packing, two neighboring
molecules as a pair are associated through aurophilic Au---Au
(3.4493(9) A) and hydrogen bonding O-H--Cl (2.534 A)

- OH
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[C16,C16(2-OH)-imH]ICI]
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Scheme 1 Syntheses and notations.
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Fig. 1 (a) ORTEP drawing of 2 with 50% polarizability ellipsoids with the hydrogen atoms omitted for clarity. Selected bond distances [A] and
angles [°]: Au(1)-C(1) 1.965(7); Au(1)-Cl(1) 2.286(2); N(1)-C(1)-N(2) 104.4(6); C(1)-Au(1)-Cl(1) 178.0(2). (b) Molecular interaction in a pair, and
between two pairs with the hydrogen atoms omitted. Selected distances [A]: Au(1)---Au(1’) 3.4483(9); Cl(1)---H(1A") 2.534; Cl(1")---H(3A’) 2.887 (c)

crystal packing of 2.

interactions in a head to tail fashion (Fig. 1b). Extended Au-Cl- -
H-C(ring) hydrogen bonding interactions (2.887 A) further link
these pairs to give a polymeric assembly of lamellar structures
with interdigitated hydrocarbon chains. This assembly yields
a layer distance of ca. 24 A (Fig. 1c).

Compound 1 is a LC, whereas 2-4 are ordered soft materials.
Thermal behavior and mesomorphic properties of these
compounds have been examined by differential scanning calo-
rimetry (DSC), powder X-ray diffraction (PXRD) and polarized
optical microscopy (POM). The phase transition temperatures and
enthalpy changes of these compounds are summarized in Table 1.

DSC thermogram of 1 is shown in Fig. 2a. On the heating
cycle, there is a small endothermic process at 54.0 °C (AH = 2.6
kJ mol ") followed by a large endothermic process at 92.6 °C
(AH = 45.9 k] mol "), then a small peak at 97.6 °C (AH = 3.2 k]
mol ). The first small thermal process is presumably a crystal-
to-crystal phase transition as evidenced by the following
observations. Before and after the first phase transition,
textures could be observed under POM with or without polar-
izer, a phenomenon typically found for crystals. Furthermore,
diffractogram taken after this phase transition shows a lamellar
structure but no halo at 26 value of ca. 18° signaling a fluid-like

chain motion could be found. The second and third thermal
processes presumably correspond to mesophase and isotropic
liquid formations, respectively. This mesophase has a narrow
temperature range of 5 °C between 92.6 and 97.6 °C. The
presence of mesophase is supported by the observation of fan
shape textures and homeotropic domains under POM, typical
for SmA phase (Fig. 2b). Diffractogram at mesophase shows
a lamellar structure with three equal spacing peaks at small
angle region and a fluid-like halo at the middle angle range
(Fig. 2b). The assignment of SmA mesophase is further sup-
ported by a decrease in the d-spacing upon increasing the
temperature in the mesophase range. This observation is often
observed when the molecular rods are lying perpendicular to
the substrate such that thermal motion would shorten the layer
distance (Table 2). Upon cooling from isotropic liquid, there is
a small exothermic process at 95.6 °C (AH = 3.7 k] mol %),
corresponding to the formation of mesophase; this phase
persists until 45.9 °C, at which a small exothermic peak of AH =
9.2 k] mol™* is observed. No further thermal process occurs
from 45.9 °C down to 0 °C. Therefore, the mesophase range is
widened ten times from the process of heating to cooling. We
also notice that there is a substantial decrease in the sum of

Table 1 The phase transition temperatures (°C) and enthalpies (kJ mol™?) of complexes®

Compound

Phase transition

[(Ag(C16,C16(2-OH)-imy),),][Ag>Cl4] (1)

[Au(C16,C16(2-OH)-imy)Cl] (2)

[Au(C16,C16(2-OH)-imy),][BF,] (3)

[Au(C16,C16(2-OH)-imy),][PFe] (4)

Cr 540(26).0r926(459) _ 976(32) .
459 (9.2) m 95.6 (3.7)
92.3(83.2)
Cr =
S 645 (415)
35.0,44.3,535 (47.3)b _ 1591 (51.3)
387,504 (40.0)° 147.0 (54.3)

56.4,62.4, 67.2 (85.4)°
33.2(45.0)

151.1(49.2) .
1429 (46.5)

“ Cr, Cr': crystal phase; S: soft crystal phase; SmA: smectic A phase; I: isotropic liquid; *glass phase transition. Total enthalpy value for unresolved

peaks.
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Fig. 2 (a) DSC thermograms of 1. (b) PXRD pattern and POM image of 1 at 80 °C under cooling process (at the rate of 10 °C min™1).

Table 2 Different phase of d-spacings from PXRD

d-Spacing (A)
Compound [temperature (°C)] Phase
[(Ag(C16,C16(2-OH)-imy),),][Ag>Cl4] (1) 32.4 [30] Cr

38.2 [60] cr

32.7 [80]%/36.0 [60]* SmA
[Au(C;6,C46(2-OH)-imy)Cl] (2) 24.3 [30] Cr

35.1[30]* Soft crystal
[Au(C16,C16(2-OH)-imy),][BF,] (3) 33.2 [30] Cr

36.1 [140] Soft crystal
[Au(C;6,C16(2-OH)-imy),|[PFs] (4) 32.1[30] Cr

35.0 [140] Soft crystal

“ Cooling process.

enthalpy changes from the processes of heating to cooling,
suggesting supercooling phenomenon occurs, and the phase
below 45.9 °C is metastable. Results of DSC, POM and PXRD all
suggest that 1 is a metallomesogen exhibiting SmA mesophase.
Since simple long N,N'-dialkyl NHC Ag(i) complexes of similar
structure do not exhibit LC behavior," we ratio that the pendent
hydroxyl group could enhance hydrogen bonding interaction to
induce the LC behavior of 1. Hydrogen bonding interaction
induced LC phase has also been observed for N-amido func-
tionalized NHC complexes of Ag(i)."*

(a)

2nd heating \ r

Ist cooling

(b)

DSC thermogram of 2 is given in Fig. 3. Upon heating, there
is only one large endothermic process (AH = 80.9 k] mol ') due
to a phase transition from crystal to isotropic phase, supported
by the POM observation. Upon cooling from isotropic liquid
down to 0 °C, an exothermic process occurs at 64.7 °C with AH
value (41.4 kJ mol ") only half of that from heating. Thus
a metastable phase occurs upon cooling from isotropic liquid.
Under POM this phase gives a circular shaped texture under
POM (Fig. 3b). However, without cross-polarizer, this texture
disappears, suggesting that this is a soft matter but not a crys-
talline solid (Fig. S21). This metastable phase remains on the
second heating cycle until melting at 87.3 °C (AH = 41.4 kJ
mol™'). This metastable species, which persists at room
temperature for days, is mechanically soft and could be
deformed through gentle pressing. Diffractogram of the crys-
talline 2 shows a lamellar structure with a layer distance of 24.3
A, consistent with the single crystal X-ray result. The soft
materials display a set of three equal spacing reflections in the
small angle region with a layer distance of 35.1 A, yet no halo
could be observed (Fig. 3b). Results indicate that the soft
materials adopt an ordered lamellar structure with no fluid-like
behavior. Since results of single crystal X-ray diffraction shows
that the molecular rod is almost perpendicular to the layer
plane at solid state, the substantial increase in d-spacing
from crystal to soft materials, is most likely due to a change of

] 2

c

3

3 3

10 Ist heating =

Wgh-1 -_
0 10 20 30 40 50 60 70 80 9’0 100 °C E'I> 1‘0 1‘5 2‘0 2‘5

20/ degree

Fig.3
of 10 °C min™?).
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(a) DSC thermogram of 2. (b) PXRD pattern and POM image of 2 recorded at room temperature upon slow cooling from 110 °C (at the rate
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chain packing from interdigitation to non-interdigitation. The
pendent AuCl at the middle of the molecular rod of 2 presum-
ably prevents the ordered motion of the molecule, therefore 2
doesn't exhibit LC phase.

Both the two ionic Au(1)-bis-NHC complexes, 3 and 4, are also
non-mesogenic. Complex 3 shows three endothermic processes
of unresolved peaks at 35.0, 44.3 and 53.5 °C with a total enthalpy
value of 47.3 k] mol™ ", then a single sharp band at 159.1 °C
corresponding to a clearing process with an enthalpy value of
51.3 kJ mol . Diffractogram taken at 140 °C on the cooling
process shows a series of equal spacing reflections corresponding
to an ordered layer structure with a layer distance of 36.1 A. Since
no halo is found near the 26 value of 20° and a large enthalpy
change occurs at the clearing process, compound 3 at the
temperature range between 53.5 and 159.1 °C is likely an ordered
soft matter but not a LC (Fig. S31). Similar results were also found
for the analogous compound 4 (Fig. S47).

Compounds 1 and 2 show yellow and orange emissions
respectively, under the irradiation of a hand hold UV lamp.
Photoluminescence spectra of the solid samples of 1 and 2
(Fig. 4) exhibit a featureless band with maxima at 569 and
607 nm, respectively. The position and line shape of these
emissions are often observed in those M-M bonded Ag(i) and
Au(1) compounds and have been attributed to metal-metal-to-
ligand charge transfer (MMLCT), in which, metallophilic
interaction is responsible for this observed emission.**?*
Compounds 3 and 4 are non-emissive, presumably due to the
lack of Au-Au interactions.

Interestingly, compound 2 displays different emission
maxima under different sample preparations. While the virgin
sample of 2 shows a band at Aya of 607 nm (16 474 cm™ ")
(Fig. 5a), 2 at the state of soft materials obtained viag heating to
isotropic liquid then cooling, shifts the band slightly to 618 nm
(16 181 cm™ ") (Fig. 5b). Furthermore, thin film of 2 prepared via
casting its CH,Cl, solution on a substrate exhibits a structured
broad emission band at Aya, of 651 nm (15 360 cm ™) (Fig. 5¢).
Since the emissive nature of 2 involves Au-Au interactions, the
difference in the observed Ay values is likely due to the vari-
ation in the Au-Au distance. The relationship between

2
%3
c
Q
£
°
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®
E
(=]
4
T T T T 1
500 550 600 650 700 750
Wavelength / nm
Fig.4 Photoluminescence spectra of complex 1 and 2 (Aex = 306 nm).
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Fig. 5 Photoluminescence of compound 2. (a) Crystalline solid, (b)
soft materials from heating and cooling and (c) thin-film via drop
coating with CH,Cl, solution (Aex = 306 nm).

photoluminescent energy and Au-Au distance has been inves-
tigated. In many cases, a shorter Au-Au distance gives a lower
energy emission.”>* This has been explained that a shorter Au-
Au distance, hence a stronger Au-Au interaction provides
a smaller HOMO-LUMO gap, thus a lower energy for electronic
transition.”**” This correlation may not hold true when two
compounds have different ligands. Even more an inverse
correlation has also been observed. For example, in the ionic
compounds of [cation][Au(SCN),] with different cations,
a shorter anionic Au-Au distance displays a higher energy of
emission.”®* Emission lifetimes of different samples of 2 are
measured. They all show bi-exponential emission decay: crys-
talline sample 7, 0.64 ps and 7, 5.74 ps, soft materials t; 0.65 us
and 7, 6.00 ps and thin film 7, 1.36 us and 7, 6.41 us. The thin
film, has the longest lifetime 7, and 7, among the three. Bi-
exponential emission decay has often been observed in Au(i)
compounds,*?**** however, the exact nature of how Au-Au
interaction influences the emission lifetime is not yet clear.
Vibrational spectroscopies and PXRD are further utilized to
better understanding the influence of intermolecular interac-
tions on their emissive behavior. Results of Raman spectro-
scopic study will be discussed first. At the low energy region of
<100 cm™ ", the crystalline sample shows a band at 83 cm ™', the
soft materials at 84 cm ™" and the thin film at 86 cm ™' (Fig. 6,
left). These stretching frequencies fall in the range of those
Vau-au Values previously assigned to Au-Au stretchings.”*3>3
Since a larger v,,_, value implies a greater Au-Au interaction,
the results of Raman study suggest that there is an increase in
the Au-Au interaction from crystal to soft materials then to thin
film. A plot of vay-ay VS. emission energy shows a linear rela-
tionship (Fig. S67T); the greater the va,_a, the lower the emission
energy. As well, IR spectra of 2 at the high wave number region
corresponding to O-H and C-H vibrations are also examined
(Fig. 6, right). Crystalline sample of 2 shows a relatively large
vog band at 3461 cm™' (Fig. 6). This band blue shifts to
3468 cm ™! for the soft materials, and to 3475 cm™* for the thin

RSC Adv., 2017, 7, 14611-14617 | 14615
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(Left) Raman and (right) IR spectra of compound 2 in different

film. This shift accompanies with a broadening of the band
shape. A higher energy of voy indicates a stronger O-H bond
but a weaker hydrogen bonding interaction with its partners.
On the other hand, a broader voy band could be interpreted as
a more random or less directional hydrogen bonding interac-
tions for the O-H group. Therefore the hydrogen bonding
interactions between the O-H group and its neighboring part-
ners become weaker and less directional from crystalline solid
to soft natter then to thin film. The known C-H stretching
vibration mode normally appears between 2950 and 2850 cm ™.
While the crystalline sample of 2 displays two major bands at
2918 and 2850 cm ™, those for the soft materials appear at 2921
and 2851 cm™ " and the thin film at 2926 and 2854 cm ™. These
values are compared to those of 2920 and 2850 cm™* for n-
alkanes in the solid state and 2928 and 2856 cm™" observed for
liquid n-alkanes.** A higher wave number of v¢_y; observed for n-
alkane indicates an increase of C-H bond strength but
a decrease of hydrophobic chain-chain interaction. The trend
found in 2 is similar to those of n-alkane at different states
suggesting that there is a gradual decrease of hydrophobic
interactions from crystal to thin film.

Results of PXRD will be elaborated further. Diffractograms of
2 at different states are provided in Fig. 7, and the tentative
structural drawings corresponding to those states are shown in
Fig. 8. The small angle region was discussed earlier; both the
crystalline sample and soft states adopt a lamellar structure
(Fig. 7a and b), however, the former has an interdigitate chain
interaction but not the latter (Fig. 8a and b). On the other hand,
the thin film is amorphous (Fig. 7¢) with random chain packing
(Fig. 8c). A structural change from chain interdigitation to non-
interdigitation is a common phenomenon observed during
phase transition from crystal to mesophase.***” Diffractogram
at the wide angle region of 26 values between 25 and 30° has
been utilized to evaluate the Au-Au separation in Au(i)
compounds. For example, compounds of [Au(alkanethiolate)] at
mesophase show a weak reflection corresponding to ca. 3.5 A,
which has been attributed to an extended Au-Au interactions in
these compounds.®® Observation of extended Pt-Pt separations
in wide angle region have also been reported.***° Crystalline 2
has a pairwise Au-Au separation, which could not be allocated
in the diffractogram (Fig. 7a), but a value of ca. 3.45 A could be
deduced from single crystal X-ray study. 2 at the state of soft
materials shows a relatively weak band corresponding to 3.38 A
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Fig. 7 XRD patterns of Au()-NHC complex at 30 °C, (a) virgin crys-
talline solid from solution, (b) soft materials from melt and (c) thin-film
on a Cu substrate via coating with CH,Cl, solution.

(b) soft materials
() thin film

(a) crystalline solid / [ / [

Fig. 8 Tentative molecular structures of 2 as (a) crystalline solid, (b)
soft materials and (c) thin film.

(Fig. 7b). The thin film of amorphous 2 has a relatively strong
sharp reflection at 3.14 A (Fig. 7c). Therefore results of X-ray
diffraction studies show that the trend of Au-Au distances of
3.45, 3.38 and 3.14 A at crystal, soft materials and thin film,
respectively, is consistent with that of the va,_a, stretchings of
83, 84 and 86 cm ! found from Raman spectroscopic studies;
that is a longer Au-Au distance has a smaller energy of
stretching. The trend of Au-Au distance and emission energy
also shows a linear relationship as provided in Fig. S6;t the
longer Au-Au distance (weaker Au-Au interaction) has a corre-
spondingly higher emission energy. Results of Raman, IR and
PXRD studies suggest that among the three states of 2, those
with a stronger Au-Au interaction has a smaller emission
energy, and a weaker hydrogen bonding and hydrophobic
interactions. Although examples of tuning intermolecular
interactions to alter emission color have been illustrated,*** our
system demonstrates the first example of interplay the relative
strength of Au-Au, hydrogen bonding and hydrophobic inter-
actions. Since argentophilic interactions are also known, one
might question why 1 doesn't show aggregation dependent
emissive behavior? A simple explanation is that while aggrega-
tion vig intermolecular Au-Au interaction in neutral Au(NHC)X

This journal is © The Royal Society of Chemistry 2017
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is well established,"** no intermolecular Ag-Ag interaction
induced aggregation has been observed in tetranuclear Ag(i)
NHC complexes with structures similar to 1.

In summary, incorporation of a 2-hydroxyl group at the long
alkyl chain of NHC increases the hydrogen bonding interactions
and thus induces the liquid crystal phase formation for the tet-
ranuclear Ag(1)-NHC complex 1, but not the mono nuclear Au(i)-
NHC complexes of 2, 3 and 4. Compound 2 at different states
provides some interesting emission behavior. From crystalline
state to soft materials then thin film, there is a close correlation
between the Au-Au interactions and photoluminescent wave-
length. The one with a stronger Au-Au interaction has a longer
emission wavelength. Furthermore, the different samples of 2
illustrate a beautiful balance among the Au-Au, hydrogen
bonding and the hydrophobic interactions. A stronger Au-Au
interaction accompanies with a weaker O-H hydrogen bonding
and hydrophobic interactions, and vice versa. The interplay of
these interactions has never been reported.
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