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Described is an approach to preparing the first iClick network metallopolymers with porous properties. Treating digoldazido
complex 2-AuN; with trigoldacetylide 3-AuPPh; or 3-AuPEt;, trialkyne 3-H, tetragoldacetylide 4-AuPPh;, or tetraalkyne 4-H

in CH,Cl, affords five iClick network metallopolymers 5-AuPPh;, 5-AuPEt;, 5-H, 6-AuPPh;, and 6-H. Confirmation of the iClick

DOI: 10.1039/x0xx00000x

network metallopolymers comes from FTIR, $3C solid-state cross-coupling magic angle spinning (CPMAS) NMR spectroscopy,

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and nitrogen and CO, sorption analysis. Employing
model complexes 7-AuPPh;, 7-AuPEt;, 7-H, 8-AuPPh;, and 8-H provide structural insights due to the insolubility of iClick

network metallopolymers.

Introduction

Heterogeneous catalysts are useful in industrial processes due
to their advantageous sustainability, recyclability, robustness,
and ease of catalyst/product separation.2 Accessible and
tunable by a simple choice of building block, porous organic
polymers (POPs) have numerous applications3—? in catalysis,310-
12 medicine,’3* gas separation,'>'® CO, capture,’’-21 and as
sorbents.?272° POPs are highly selective catalysts and can lower
process costs.30

A few porous polymers incorporating metal ions (metal-POP)
using polypyridines,31-33 phthalocyanine,343> and porphyrins3¢-
41 as ligands have been synthesized. Post-polymerization
metalation31-3342 or polymerization using monomers bearing
metal centers33441 are the two methods for incorporating
metal ions in porous polymers. The former approach can result
in incomplete metalation, and the latter approach requires
metal catalysts for polymerization*?

In contrast to the methods incorporating metal ions, POP
synthesis employs a diverse variety of chemical reactions.
Yamamoto,**¢ Sonogashira-Hagihara,*”  Suzuki-Miyaura,*?
Friedel-Crafts,**>! and copper(l)-catalyzed azide-alkyne
cycloaddition (CuUAAC),>? are some of the reaction types utilized
in POP synthesis. Related to this work, highly stable POPs with
large surface areas>3°* that employ CUAAC in their synthesis are
beneficial in small molecule gas capture,>>-% photocatalysis,®%.62
and as supports for heterogeneous catalysis.>>®3 POPs
synthesized using click-based CuAAC are now relatively
common in the literature. Absent however, are network
polymers synthesized using inorganic click (iClick)®*
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methodologies. An advantage of using iClick is the ability to
directly incorporate metal ions into the polymer backbone
repeating unit. Demonstrated already for linear polymers,55-67
extension of iClick to network polymers has yet to be achieved.
Finding a new route to install metal ions in POPs will broaden
the application space of these materials.
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Scheme 1. A) Early examples of gold(l) 1,2,3-triazolate complexes from
cycloaddition reactions,® B) bimetallic iClick reaction of gold(l) azido complex with
a gold(l) acetylide,® C) Post-polymerization synthesis of the only metal click-based
POP.%2

iClick is a rapid, simple, and high yield reaction that is widely
applicable to a variety of metals. Some of the first cycloaddition
reactions involving metal ions and electron deficient alkynes
were reported in the mid-1970’s.%%7° Related to this work, in
2007, Gray et al. demonstrated the monogold-azide (1-AuNs)
cycloaddition with alkynes according to Scheme 1A.71-80
Unleashing the possibility of linking metal ions via cycloaddition
chemistries, bimetallic complexes produced from metal-azides
and metal-acetylides were published by our group in 2011
(Scheme 1B).6480-87 Son et al. reported the only example of a
click-based POP that incorporates a metal ion, though the metal
addition occurs via post-polymerization functionalization at the
periphery of the backbone according to Scheme 1C.42
Nonetheless, the Rh-POP has a surface area of 310 m2g* and is
an active catalyst for the polymerization of arylacetylenes.
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Here, we present the first use of iClick to build metal containing
network organometallic polymers using monomers bearing
metal centers without the use of catalysts.

Results

Monomer Synthesis and Characterization: Au(l) Complexes (2-
AuN;, 3-AuPEt; and 4-AuPPh;).

2-AuN;. Creating a network polymer using iClick requires the
synthesis of several uniqgue monomers. Needed is a digold
complex that serves to link the other units in the polymer.
Combining {(AuCl),{PPh,{CgH4)PPh,)8 and silver triflate in THF
for 1 d followed by filtration produces
{AuOTf),{PPhy{CeH4)PPh;). Dissolving the white powder again in
a mixture of THF: MeOH (3:1 v/v) with sodium azide for 1 d
produces complex 2-AuNj3 in 81% isolated yield. This two-step
process avoids the formation of highly explosive AgNs.

Evidence for the structural assignment of 2-AuN; comes from
NMR and IR spectroscopy, and single crystal X-ray diffraction.
Attributable to the phosphorous atom, in the 3'P{*H} NMR
spectrum, a single resonance appears at 30.9 ppm. An
absorption at 2052 cm™ in the FTIR spectrum reveals the
presence of the azide functionality. Single crystals suitable for
X-ray crystallography deposit from a concentrated solution of 2-
AuN; in CH,Cl, at -25 °C. G-symmetric in solid state and
crystallizing in the C2/c space group, X-ray data refinement
reveals the dinuclear composition of 2-AuNj; (Figure 1).

Ph, /Ph 1) AgOTf Ph /Ph
Cl-Au-P R-AU-Cl — > Nj-Au-P R-Au-N3
PH Ph 2) NaN3 PH Ph

2-AuCl

Figure 1. Synthesis and molecular structure of 2-AuN; with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity.

3-AuPEt; and 4-AuPPhs. Porous polymer synthesis requires
branching points that extend from multivalent monomers.
Combining AuCIl{PPhs) tetrakis(4-
({trimethylsilyl)ethynyl)phenyl)methane>® in CH,Cl, for 1 d at

and

ambient temperature yields 4-AuPPh; in 71% yield. Identifiable
by NMR, IR spectroscopy, and single crystal X-ray diffraction,
complex 4-AuPPh; is tetranuclear. In the 3'P{*H} NMR spectrum
of 4-AuPPh;, a singlet at 42.3 ppm is attributable to the
phosphorous atom on the PPhs. The acetylide carbon attached
to the Au(l) ion resonates at the distinct position of 104.0 ppm
in the 3C{*H} NMR spectrum. Assigned to the acetylide
stretching vibration, an IR spectrum reveals an absorption at
2119 cm™. Layering a concentrated CH,Cl, solution of 4-AuPPh;
with pentane precipitates yellow single crystals suitable for X-

2| J. Name., 2012, 00, 1-3

ray diffraction. Figure 2 depicts the molecular structure of 4-
disorder within the crystal
9.79%.
Numerous crystallization attempts and X-ray crystallography

AuPPhs. Significant rotational
structure only allows for refinement data of R; =

did not provide better refinement. The rotational disorder
comes from the protruding acetylide functionality combined
with the presence of a triphenyl phosphine group at the end
Using a slightly modified synthesis® with AuCl{PPh3) and 1,3,5-
tris(trimethylsilylethynyl)benzene,®® the trivalent derivative 3-
AuPEt; was also synthesized in 81% yield (Figure $S6-S10 in the
ESI).

AUCI{PPh;)
=
NaOMe

Figure 2. Synthesis and molecular structure of 4-AuPPh; with ellipsoids drawn at
the 50% probability level and hydrogen atoms removed for clarity.

Synthesis of iClick Model Complexes (7-AuPPhs;, 7-AuPEt; 8-
AuPPh;, 7-H, and 8-H).

Synthesis of Model Complexes. Anticipating the need for
soluble model complexes, iClick reactions were designed to
synthesize small molecule analogues of network polymers.
Scheme 2 depicts the iClick reaction between azidogold
complex 1-AuN3®! and gold acetylides 3-AuPPh;,2® 3-AuPEt;,
and 4-AuPPh; to form 7-AuPPh;, 7-AuPEt;, and 8-AuPPh,
respectively. Instead of a difunctional azide, a monoazide caps
the ends of monomers 3-AuPPhj;, 3-AuPEt;, 4-AuPPh;. Scheme
3 depicts the synthesis of analogous model complexes that
employ the organic alkynes 3-H and 4-H in place of the Au-
acetylides to produce 7-H and 8-H.

The iClick in CDCl; at
temperature to give the five model complexes as yellow

reaction occurs readily room
powders. Monitoring all five reactions with *H and 3!P{*H} NMR
spectroscopy allows for in situ monitoring of product formation.
Only temporarily soluble, mixing the azides with acetylides or

alkynes eventually results in yellow solid precipitate within

This journal is © The Royal Society of Chemistry 20xx
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hours presumably due to aurophilic® and n—mn interactions.??
Changing the solvent and increasing the temperature both fail
to solubilize the monomers. Consequently, all five model
complexes were characterized in situ by solution-phase NMR

spectroscopy.
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Scheme 2. Synthesis of model complexes (7-AuPPhs, 7-AuPEt;, and 8-AuPPh;)
using goldazido complex 1-AuNj3 with trigoldacetylide 3-AuPPh; or 3-AuPEt; and
tetragoldacetylide 4-AuPPh;.

Monitoring the formation of complexes 7-AuPPhs, 7-AuPEt;3,
and 8-AuPPh; in situ with *H and 3'P{"H} NMR spectroscopy
reveals complete conversion of starting materials after 12 h. In
the 3'P{*H} NMR spectrum (CDCl3), 7-AuPPhz exhibits two
singlets at 43.7 and 30.6 ppm, while 8-AuPPh; exhibits two
singlets at 44.2 and 30.8 ppm attributable to the two PPhs
ligands. Due to extensive phosphine exchange between PEt;
and PPh; the 3'P{!H} NMR spectrum of 7-AuPEt; exhibits

numerous signals and precludes an absolute assignment.
0.29

H
. CDCly
Z X N ~ “N-AuPPhy
H H N, N=N
\ N~ AuPPhy

3 PhsP—Au—Nj3
1-AuN;

3-H 064 7-H

4 PhyP-Au—N3
1-AuNy

Scheme 3. Synthesis of model complexes (7-H and 8-H) using goldazido complex
1-AuN; with trialkyne 3-H and tetraalkyne 4-H.

Complex 7-H presents two singlets at 43.3 and 29.9 ppm,
while 8-H exhibits signals at 43.3 and 29.0 ppm in the 3'P{'H}
NMR spectra (Scheme 3). The downfield signal in the 3P{'H}
NMR spectra corresponds the N-Au-P and the upfield signal is
attributable to the C-Au-P phosphorous. The presence of the
upfield signal is clear evidence that the Au(l) fragment migrates
from the triazolate N-atom to the C-atom. Eq 1 depicts the Au
migration. Thus, 7-H and 8-H are mixtures of the two C-bound
and N-bound derivatives. Previous examples of this rapid
isomerization with terminal alkynes in iClick chemistry have

This journal is © The Royal Society of Chemistry 20xx

the
isomerization comes from the 'H NMR spectra of both
complexes. Indicatives of a proton migration from the carbon
atom to the nitrogen of the triazolate ring, complex 7-H and 8-
H exhibit singlets at 11.85 and 11.66 ppm, respectively.

,N R
N’ I
/- H N Naupph
PhzPAu H 3

Complicating the composition of 7-H and 8-H further is that
their 'TH NMR spectra reveal signals attributable to unreacted
alkyne groups. For complex 7-H, alkyne signals appear as three
singlets between 3.48-2.91 ppm, and for the triazolate C-H
proton, signals appear downfield between 9.22-8.34 ppm (Page
S29 in the ESI). The multiple signals arise from the presence of
two isomers noted above and the possibility of one and two
unreacted alkynes. The ratio of the different branches within
complex 7-H as determined by NMR integration for C-H:N-
H:C=C-H is as follow: 0.07: 0.64: 0.29. For 8-H the ratios is 0.42:
0.46: 0.12 (Page S32 in the ESI).

The FTIR spectra of all five model complexes (7-AuPPhs, 7-
AuPEt;, 8-AuPPh;, 7-H, and 8-H) do not contain an azide®* signal
near 2058 cm™!, but a small absorption corresponding to
unreacted alkyne>* on the end groups at 2110 cm~!supports the
conclusion that in this case the iClick is not complete.

Synthesis of iClick network metallopolymers (5-AuPPhs, 5-
AuPEt;, 5-H, 6-AuPPh3s, and 6-H).

Combining the digoldazido complex 2-AuN; with tri-
goldacetylide 3-AuPPh; or 3-AuPEt;, tri-alkyne 3-H, tetra-
goldacetylide 4-AuPPhg, or tetra-alkyne 4-H in CH,Cl, yields five
different iClick network metallopolymers (5-AuPPhs, 5-AuPEt;s,
5-H, 6-AuPPh;s, and 6-H) according to Scheme 4 and 5. Table S1
in the ESI summarizes the optimization of iClick network
metallopolymer syntheses.

been reported extensively.”>8 More evidence for

(1)

Table 1. Effect of reaction time and reaction temperature on the pore properties of iClick
network metallopolymers.

iClick Entry Reaction Reaction Specific surface
polymers temp. (°C)  time (days) area? (m?g?)
5-AuPPh;-1 rt 2 27
5-AuPPh; 5-AuPPh;-2 50 6 94
5-AuPPh;-3 100 3 54
6-AuPPh;-1 rt 2 44
6-AuPPh; 6-AuPPh;-2 50 6 85
6-AuPPh;-3 100 3 47
5-AuPEt; 5-AuPEt; 50 6 30
5-H-1 50 1 28
5-H
5-H-2 50 6 24
6-H 6-H 50 1 40

aBET specific surface area in the pressure range of 0.01-0.05 P/P0 calculated using
the BET model.

Mixing a colorless solution of complex 2-AuN; with the light-
yellow transparent gold(l) acetylide solution of 3-AuPPhs, 3-
AuPEt;, or 4-AuPPh; in CH,Cl, produces a light yellow
suspension of network polymers 5-AuPPhz, 5-AuPEt3;, or 6-
AuPPh;3, according to Scheme 4. Purification of the polymers
involves simply filtering and washing with CH,Cl,. Other

J. Name., 2013, 00, 1-3 | 3
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conditions attempted include continuous stirring at room
temperature for 2 d, but the same yellow suspension forms
(Table 1 entries 5-AuPPhs-1 and 6-AuPPh;-1). Increasing the
reaction temperature to 100 °C for 3 d yields brown solids with
a colorless solution {Table 1 entries 5-AuPPhs-3 and 6-AuPPh;s-
3). Heating at 50 °C for 6 d produces light pink network polymers
5-AuPPh;, 5-AuPEt;, and 6-AuPPh; that have the highest
surface area (Table 1 entries 5-AuPPh;-2, 5-AuPEts;, and 6-
AuPPh;-2).
AUPRg

CH,Cly

Ph, Ph
an Na—Au7POP\—Au—N3+ 2n
Pif Ph

RaPAU

AUPR;

R = Ph (3-AuPPhy),
Et (3-AuPEt;)

Ney
R= Ph (5-AuPPh;)

2-AuNg Et(5-AuPEt;).

AUPR;
R = Ph (4-AuPPhs).

fw
R= Ph (6-AuPPhy)

2-AuNy

Scheme 4. Idealized structure of the iClick network metallopolymers {(5-AuPPh,,
5-AuPEt,, and 6-AuPPhy).

It is also possible to produce network polymers using the
organic tri- and tetra-alkynes 3-H and 4-H according to Scheme
5. Stirring the digoldazido complex 2-AuN; with trialkyne 3-H in
CH,CI, for 1 d at 50 °C results in a cream-colored suspension of
5-H (Scheme 5). Table 1 entries 5-H-1 and 5-H-2 indicate that
reaction time (1 d vs. 6 d) has negligible effect on the porosity
outcome. Employing the same reaction conditions and workup
produces network polymer 6-H with similar surface areas.

H,

CH,Cl

Scheme 5. Idealized structure of the iClick network metallopolymers (5-H and 6-
H).
Examining the porosities of all polymers using nitrogen
reveals
that
increasing pressure indicative of type Il isotherm (Figure 3).

physisorption at 77 K nitrogen adsorption and

desorption isotherms increase exponentially with
Nonporous or macroporous solids display type Ill isotherms.
only 6-AuPPhs-2 exhibits a hysteresis

desorption isotherm. Determined by N, adsorption—desorption

Interestingly, loop

isotherms, all five compounds exhibit surface areas below 100

m2g! (Table 1). Despite the low surface area, these compounds
are the first iClick network metallopolymers that incorporate

4 | J. Name., 2012, 00, 1-3

metal ions directly into the polymer scaffold. One reason for the
low porosity maybe due to network collapse the porous
polymers, a common problem. Various synthetic procedures
aimed at avoiding network collapse®*—> failed to improve the
surface area.

600

—®——0—5-AuPPh 2
—®——0—6-AuPPh 2
5-AuPEt,
—8——0—5-H-1
—«——0—6-H

500

400 ~

300

(em’g™)

Vads
N
=3
S

|

100 +

T T T T T
00 02 0.4 0.6 0.8 1.0
Relative Pressure (P/ P,)

Figure 3. N, adsorption-desorption isotherms of iClick network metallopolymers
{5Au-2, 6Au-2, 5AuPEt;, 5H-1, and 6H) (solid: adsorption; hollow: desorption).

The FTIR and solid-state 13C CPMAS NMR spectra confirm the
formation of all five network polymers (5-AuPPhs-2, 5-AuPEt;,
5-H-1, 6-AuPPh;-2, and 6-H). The FTIR spectra of the five
polymers no longer exhibit the characteristic signal of the azide
group (2052 cm™) though a small signal for the unreacted
gold(l) acetylide (2110 cm™1) appears in all the materials. A new
absorption at approximately 1584 cm™ (N=N stretch) is
attributable to the formation of the expected triazolate ring
(Figure S34 in the ESI).

The solid-state 13C CPMAS NMR spectra of the network
metallopolymers (5-AuPPh;-2, 5-AuPEt;, 5-H-1, 6-AuPPh;-2,
and 6-H) match well with the solid-state and solution-phase 3C
NMR spectra of the iClick model complexes (7-AuPPh;, 7-
AuPEt3, 8-AuPPhs, 7-H, and 8-H) (Figure $35-5S39). The model
complexes all demonstrate one or multiple signals from 150-
160 ppm region that are attributable to the triazolate ring. The
multiple signals are due to the partially unreacted click reaction,
indicating model complex 8-AuPPh; has a mixture of mono-
clicked, di-clicked, tri-clicked and fully-clicked arms. Similarly,
the unreacted alkynes or acetylides exhibit multiple signals near
80 ppm. The NMR data of the model complexes mirrors the
network polymers indicating successful iClick reactions.

Figure 4A and 4B depicts the solid-state 3C CPMAS NMR
spectra of polymers 5-H-1 and 5-AuPPhs-2. 5-AuPPh;-2 exhibits
a resonance at 153.7 ppm that is attributable to the carbon on
the triazolate ring and indicates a successful iClick reaction. A
broad signal from 139.8-118.0 ppm corresponds to the aromatic
carbons and a signal at 65.6 ppm is the unreacted
gold(l)acetylides. Assigned to the carbon on the triazolate rings,
two additional signals appear at 171.3 and 160.9 ppm, implying
a mixture of expected isomers that were observed in complex
7-H discussed above. The signals appearing at 82.3 and 77.1

ppm are unreacted alkynes that are also observed in model

This journal is © The Royal Society of Chemistry 20xx
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complexes and in the IR spectrum. The assignments match well
with the solid-state and solution-phase *3C NMR spectra of the
model complexes 7-AuPPhsand 7-H in Figure S35 and S38.
Achieving 100%
network is unlikely. Though not the subject of this study those

conversion within an insoluble polymer
remaining alkyne groups can serve as future sites for post-
polymerization functionalization.

A) 5-H-1

aromatic

B) 5-AuPPh;-2

C=C triazolate

3 30 30 2 260 29 20 200 1 1 190 120 100 80 60 40 2 D 2 40 0 B0 -100 -120 140

aromatic
C) 6-H

aliphatic

D) 6-AuPPh;-2

C=C triazolate

30 3 0 280 260 29 20 200 10 150 190 120 10 8D 0 4D 20 © 20 40 <0 -B0 -100 -120 -140
Py

Figure 4. The solid-state *C CPMAS NMR spectra of A) 5-H-1, B) 5-AuPPh;-2, C) 6-
H, and D) 6-AuPPh;-2 (* = spinning side bands {13 kHz)).

Both solid-state 3C CPMAS NMR spectra of polymer 6-H and
6-AuPPh;-2 exhibit a broad signal from 139.0-122.3 assigned to
the aromatic carbons on the polymer (Figure 4C and 4D). The
signal at 65.0 ppm belongs to the central aliphatic carbon of the
linker. The triazolate ring carbons resonate at 160.3, 156.1, and
144.7 ppm. For polymer 6-AuPPh;-2, the appearance of these
signals is due to the unreacted gold acetylides producing a
di-click,
complexes, which matches the solid-state **C NMR of the model

mixture of mono-click, tri-click and fully-click
complexin Figure S36. For polymer 6-H, the three carbon signals
are again attributable to the triazolate mixtures as discussed
previously. Two additional alkyne signals at 81.1 and 68.3 ppm
appear in the spectrum. Importantly, the solid-state 13C CPMAS
NMR spectra of all network polymers matches well with that of
the solution-state 3C{*H} NMR of the model complexes, further
supporting the assignments of the polymer structures (Figure
S$35-S39 in the ESI).

Thermogravimetric analysis {TGA) curves demonstrate that
all polymers are thermally stable up to 290 °C (Figure S40 in the
ESI). Polymer 5-AuPPh3-2 and 6-AuPPh;s-2 depict a glass
transition temperature (7g) at -32.8 °C and -40.5 °C in the
differential scanning calorimetry (DSC) data between -70 to 220
°C (Figure S41 in the ESI). Notably, the T, of the DSC result and
the absorption analysis were evidence that the iClick polymer

This journal is © The Royal Society of Chemistry 20xx

would swell and were considered network polymers. Powder X-
ray Diffraction (PXRD) data obtained for 5-AuPPhs-2 and 6-
AuPPhs-2 confirm their amorphous composition {Figure S53).
The TEM and STEM images of polymer 6-AuPPhs-2 reveal a
strong contrast between the polymer and the substrate
indicating the presence of Au(l) within the polymer. The sample
also contains gold nanoparticles on the surface of the material
as a minor impurity (confirmed by EDS). (Figure S49 in the ESI).
The STEM EDS spectra demonstrates that the polymer 6-
AuPPhs3-2 contains atoms P, while the gold nanoparticles
contain only Au (Figure S51 in the ESI).

Discussion

Unreacted alkyne groups suggest the maximum degree of
(DP) iClick
formation of these network polymers and may contribute to the

polymerization was not achieved during the
low porosity. Another feature unique to this system that
prevents high DP is that azide groups can undergo exchange and
shunt polymer growth. Figure 5 depicts the exchange reaction
that eliminates an azide group from the monomer with free
Indeed, NMR studies indicate 2-AuNs3 rapidly
exchanges with free phosphine. The 3P{*H} NMR spectrum of

phosphine.

the mixture reveals a resonance attributable to PhsAuN; (1-
AuN;). Finally, bulky PPhs groups on the polymer branch also
may account for the low surface area for all five complexes. The
sterically hindered PPh;s ligands could fill the pores preventing
gas adsorption and resulting in type lll isotherms.

2-AuN; and PPh3 in CH,Cl, for 10 min

/ evidence of substitution

" e ik oy

PPh; in CH,Cl,

2-AuN; in CH,CI,

a5 £y 35 30 25 20 15 5 0 5 10 15 20

10
f1 (ppm)

Ph, Ph CH,Cl, Ph, Ph
Ny-Au-P R—Au—N; + PPh; — > N3—Au—POP\ +
PHf Ph P Ph

2-AuN,

PhsP-Au-N;

1-AuN,

Figure 5. (Top) Stacked 3'P{*H} NMR spectra of an in situ experiment of adding 2-
AuNj and PPh; in CH,Cl, for 10 min, PPh; in CH,Cl,, and 2-AuN; in CH,Cl,. {(Bottom)
Illustration of substitution reaction of 2-AuN; and PPh;,.

Polymers 5-H and 6-H have surface areas similar to 5-AuPPh;-1
and 6-AuPPhs;-1, indicating that for all four, the bulky PPh;
ligands on the polymer backbone are filling the pores.
Investigating the CO, adsorption properties of all five
polymers helps identify the different uptake capacities between
the structures. Polymers 5-AuPPh;-2, 6-AuPPh;-2, and 6-H all
demonstrate CO, adsorption capacities of around 30 and 14
mgg at 273 and 298 K, respectively {(Table S4 in the ESI).

J. Name., 2013, 00,1-3 | 5
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Judging from the higher surface areas of polymers 5-AuPPhs-2
and 6-AuPPhs-2, it is obvious that both polymers demonstrate
a higher CO, uptake amount.>* The CO, adsorption capacities in
5-AuPEt; and 5-H-1 at 273 and 298 K are around 15 and 8 mg g*
(Table S4 in the ESI), respectively, which match the lower
surface areas of the polymers. These results are lower in
comparison to reported organic click-based polymers.6:96

Conclusion

Incorporating the digoldazido complex 2-AuN3 with
gold(l)acetylide or alkynes produces the first series of iClick
network metallopolymers that are thermally stable and possess
porous properties. This work expands the scope of metal
containing porous polymers beyond the ligand classes of
polypyridines, phthalocyanine, and porphyrins to now include
triazolate ligands. The model complexes 7-AuPPhs, 7-AuPEt;, 8-
AuPPh;, 7-H, and 8-H help elucidate the characterization
features of the insoluble network polymers and revealed
incomplete iClick reactions and triazolate isomerization. A
measurable Tg, IR spectra showing the consumption of the
azide/alkyne groups, solid-state 3C NMR data confirming a
triazolate within the material, and measurable surface areas,
provide evidence supporting the assignment of iClick network
polymers. Due to limited solubility, the degree of
polymerization and extent of crosslinking remain to be
interrogated. This study provides the beginnings of a new
strategy to synthesize heterogeneous network
metallopolymers with metals incorporated both within the
main chain and side branches.
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Described is an approach to preparing the first iClick network metallopolymers with porous properties. Treating digoldazido
complex 2-AuN; with trigoldacetylide 3-AuPPh; or 3-AuPEt;, trialkyne 3-H, tetragoldacetylide 4-AuPPh;, or tetraalkyne 4-H

in CH,Cl, affords five iClick network metallopolymers 5-AuPPh;, 5-AuPEt;, 5-H, 6-AuPPh;, and 6-H. Confirmation of the iClick

DOI: 10.1039/x0xx00000x

network metallopolymers comes from FTIR, $3C solid-state cross-coupling magic angle spinning (CPMAS) NMR spectroscopy,

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and nitrogen and CO, sorption analysis. Employing
model complexes 7-AuPPh;, 7-AuPEt;, 7-H, 8-AuPPh;, and 8-H provide structural insights due to the insolubility of iClick

network metallopolymers.

Introduction

Heterogeneous catalysts are useful in industrial processes due
to their advantageous sustainability, recyclability, robustness,
and ease of catalyst/product separation.2 Accessible and
tunable by a simple choice of building block, porous organic
polymers (POPs) have numerous applications3—? in catalysis,310-
12 medicine,’3* gas separation,'>'® CO, capture,’’-21 and as
sorbents.?272° POPs are highly selective catalysts and can lower
process costs.30

A few porous polymers incorporating metal ions (metal-POP)
using polypyridines,31-33 phthalocyanine,343> and porphyrins3¢-
41 as ligands have been synthesized. Post-polymerization
metalation31-3342 or polymerization using monomers bearing
metal centers33441 are the two methods for incorporating
metal ions in porous polymers. The former approach can result
in incomplete metalation, and the latter approach requires
metal catalysts for polymerization*?

In contrast to the methods incorporating metal ions, POP
synthesis employs a diverse variety of chemical reactions.
Yamamoto,**¢ Sonogashira-Hagihara,*”  Suzuki-Miyaura,*?
Friedel-Crafts,**>! and copper(l)-catalyzed azide-alkyne
cycloaddition (CuUAAC),>? are some of the reaction types utilized
in POP synthesis. Related to this work, highly stable POPs with
large surface areas>3°* that employ CUAAC in their synthesis are
beneficial in small molecule gas capture,>>-% photocatalysis,®%.62
and as supports for heterogeneous catalysis.>>®3 POPs
synthesized using click-based CuAAC are now relatively
common in the literature. Absent however, are network
polymers synthesized using inorganic click (iClick)®*

@ University of Florida, Department of Chemistry, Center for Catalysis, P.O. Box
117200, Gainesville, FL, 32611.

b-University of Texas at San Antonio, Department of Chemistry, One UTSA Circle,
San Antonio, TX 78249.

T Electronic supplementary information (ESI) available: Experimental details: Tables

S$1-54, and Fig. S1-S53. CCDC 2158225 and 2158226. For ESI and crystallographic

data in CIF and other electronic format see DOI: 10.1039/x0xx00000x

methodologies. An advantage of using iClick is the ability to
directly incorporate metal ions into the polymer backbone
repeating unit. Demonstrated already for linear polymers,55-67
extension of iClick to network polymers has yet to be achieved.
Finding a new route to install metal ions in POPs will broaden
the application space of these materials.

A ppng PhsPAU
Au * N
N ray Ol
SN - (2007) N
N i
1-Au-N;
B)
PPh, EP'“
u PhsPAU_  AuPPhy
Au + — > N
,\\‘ ‘ . Veige O‘
CN1N7 (2011) Ph N
Ph
,
1. Cu(l) '
N 2. Acid etching
3 3.Mel,90°C
4. [Rh(COD)Cl],

2 A S
* Son
(2021)

o U

Scheme 1. A) Early examples of gold(l) 1,2,3-triazolate complexes from
cycloaddition reactions,® B) bimetallic iClick reaction of gold(l) azido complex with
a gold(l) acetylide,® C) Post-polymerization synthesis of the only metal click-based
POP.%2

iClick is a rapid, simple, and high yield reaction that is widely
applicable to a variety of metals. Some of the first cycloaddition
reactions involving metal ions and electron deficient alkynes
were reported in the mid-1970’s.%%7° Related to this work, in
2007, Gray et al. demonstrated the monogold-azide (1-AuNs)
cycloaddition with alkynes according to Scheme 1A.71-80
Unleashing the possibility of linking metal ions via cycloaddition
chemistries, bimetallic complexes produced from metal-azides
and metal-acetylides were published by our group in 2011
(Scheme 1B).6480-87 Son et al. reported the only example of a
click-based POP that incorporates a metal ion, though the metal
addition occurs via post-polymerization functionalization at the
periphery of the backbone according to Scheme 1C.42
Nonetheless, the Rh-POP has a surface area of 310 m2g* and is
an active catalyst for the polymerization of arylacetylenes.

Please do not adjust margins
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Here, we present the first use of iClick to build metal containing
network organometallic polymers using monomers bearing
metal centers without the use of catalysts.

Results

Monomer Synthesis and Characterization: Au(l) Complexes (2-
AuN;, 3-AuPEt; and 4-AuPPh;).

2-AuN;. Creating a network polymer using iClick requires the
synthesis of several uniqgue monomers. Needed is a digold
complex that serves to link the other units in the polymer.
Combining {(AuCl),{PPh,{CgH4)PPh,)8 and silver triflate in THF
for 1 d followed by filtration produces
{AuOTf),{PPhy{CeH4)PPh;). Dissolving the white powder again in
a mixture of THF: MeOH (3:1 v/v) with sodium azide for 1 d
produces complex 2-AuNj3 in 81% isolated yield. This two-step
process avoids the formation of highly explosive AgNs.

Evidence for the structural assignment of 2-AuN; comes from
NMR and IR spectroscopy, and single crystal X-ray diffraction.
Attributable to the phosphorous atom, in the 3'P{*H} NMR
spectrum, a single resonance appears at 30.9 ppm. An
absorption at 2052 cm™ in the FTIR spectrum reveals the
presence of the azide functionality. Single crystals suitable for
X-ray crystallography deposit from a concentrated solution of 2-
AuN; in CH,Cl, at -25 °C. G-symmetric in solid state and
crystallizing in the C2/c space group, X-ray data refinement
reveals the dinuclear composition of 2-AuNj; (Figure 1).

Ph, /Ph 1) AgOTf Ph /Ph
Cl-Au-P R-AU-Cl — > Nj-Au-P R-Au-N3
PH Ph 2) NaN3 PH Ph

2-AuCl

Figure 1. Synthesis and molecular structure of 2-AuN; with ellipsoids drawn at the
50% probability level and hydrogen atoms removed for clarity.

3-AuPEt; and 4-AuPPhs. Porous polymer synthesis requires
branching points that extend from multivalent monomers.
Combining AuCIl{PPhs) tetrakis(4-
({trimethylsilyl)ethynyl)phenyl)methane>® in CH,Cl, for 1 d at

and

ambient temperature yields 4-AuPPh; in 71% yield. Identifiable
by NMR, IR spectroscopy, and single crystal X-ray diffraction,
complex 4-AuPPh; is tetranuclear. In the 3'P{*H} NMR spectrum
of 4-AuPPh;, a singlet at 42.3 ppm is attributable to the
phosphorous atom on the PPhs. The acetylide carbon attached
to the Au(l) ion resonates at the distinct position of 104.0 ppm
in the 3C{*H} NMR spectrum. Assigned to the acetylide
stretching vibration, an IR spectrum reveals an absorption at
2119 cm™. Layering a concentrated CH,Cl, solution of 4-AuPPh;
with pentane precipitates yellow single crystals suitable for X-

2| J. Name., 2012, 00, 1-3

ray diffraction. Figure 2 depicts the molecular structure of 4-
disorder within the crystal
9.79%.
Numerous crystallization attempts and X-ray crystallography

AuPPhs. Significant rotational
structure only allows for refinement data of R; =

did not provide better refinement. The rotational disorder
comes from the protruding acetylide functionality combined
with the presence of a triphenyl phosphine group at the end
Using a slightly modified synthesis® with AuCl{PPh3) and 1,3,5-
tris(trimethylsilylethynyl)benzene,®® the trivalent derivative 3-
AuPEt; was also synthesized in 81% yield (Figure $S6-S10 in the
ESI).

AUCI{PPh;)
=
NaOMe

Figure 2. Synthesis and molecular structure of 4-AuPPh; with ellipsoids drawn at
the 50% probability level and hydrogen atoms removed for clarity.

Synthesis of iClick Model Complexes (7-AuPPhs;, 7-AuPEt; 8-
AuPPh;, 7-H, and 8-H).

Synthesis of Model Complexes. Anticipating the need for
soluble model complexes, iClick reactions were designed to
synthesize small molecule analogues of network polymers.
Scheme 2 depicts the iClick reaction between azidogold
complex 1-AuN3®! and gold acetylides 3-AuPPh;,2® 3-AuPEt;,
and 4-AuPPh; to form 7-AuPPh;, 7-AuPEt;, and 8-AuPPh,
respectively. Instead of a difunctional azide, a monoazide caps
the ends of monomers 3-AuPPhj;, 3-AuPEt;, 4-AuPPh;. Scheme
3 depicts the synthesis of analogous model complexes that
employ the organic alkynes 3-H and 4-H in place of the Au-
acetylides to produce 7-H and 8-H.

The iClick in CDCls
temperature to give the five model complexes as yellow

reaction occurs readily at room
powders. Monitoring all five reactions with *H and 3!P{*H} NMR
spectroscopy allows for in situ monitoring of product formation.
Only temporarily soluble, mixing the azides with acetylides or

alkynes eventually results in yellow solid precipitate within

This journal is © The Royal Society of Chemistry 20xx
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hours presumably due to aurophilic® and n—mn interactions.??
Changing the solvent and increasing the temperature both fail
to solubilize the monomers. Consequently, all five model
complexes were characterized in situ by solution-phase NMR

spectroscopy.
AUPR,

PRPAL,
N

RgPAU

cocl
3 PhP-Au—N;  + 3,

P N
RPA SR N JAERns
u U
o g PhoPA’ aupR, N
R = Ph (3-AuPPh;), R= Ph (7-AuPPh;),
1-AuN; Et (3-AuPEt;) Et (7-AuPEty)
PhsPAu~-N,
3! NN

4 PhgP—Au—N;

RgPAU

AuPRs

1-AuNg R = Ph (4-AuPPhg).

R=Ph (8-AuPPhy)

Scheme 2. Synthesis of model complexes (7-AuPPhs, 7-AuPEt;, and 8-AuPPh;)
using goldazido complex 1-AuNj3 with trigoldacetylide 3-AuPPh; or 3-AuPEt; and
tetragoldacetylide 4-AuPPh;.

Monitoring the formation of complexes 7-AuPPhs, 7-AuPEt;3,
and 8-AuPPh; in situ with *H and 3'P{"H} NMR spectroscopy
reveals complete conversion of starting materials after 12 h. In
the 3'P{*H} NMR spectrum (CDCl3), 7-AuPPhz exhibits two
singlets at 43.7 and 30.6 ppm, while 8-AuPPh; exhibits two
singlets at 44.2 and 30.8 ppm attributable to the two PPhs
ligands. Due to extensive phosphine exchange between PEt;
and PPh; the 3'P{!H} NMR spectrum of 7-AuPEt; exhibits

numerous signals and precludes an absolute assignment.
0.29

H
N cocly
Z X N ~ “N-AuPPhy
H H N, N=N
N~ AuPPhy

3-H

3 PhsP—Au—Nj3
1-AuN;

4 PhyP-Au—N3
1-AuNy

Scheme 3. Synthesis of model complexes (7-H and 8-H) using goldazido complex
1-AuN; with trialkyne 3-H and tetraalkyne 4-H.

Complex 7-H presents two singlets at 43.3 and 29.9 ppm,
while 8-H exhibits signals at 43.3 and 29.0 ppm in the 3'P{'H}
NMR spectra (Scheme 3). The downfield signal in the 3P{'H}
NMR spectra corresponds the N-Au-P and the upfield signal is
attributable to the C-Au-P phosphorous. The presence of the
upfield signal is clear evidence that the Au(l) fragment migrates
from the triazolate N-atom to the C-atom. Eq 1 depicts the Au
migration. Thus, 7-H and 8-H are mixtures of the two C-bound
and N-bound derivatives. Previous examples of this rapid
isomerization with terminal alkynes in iClick chemistry have

This journal is © The Royal Society of Chemistry 20xx

the
isomerization comes from the 'H NMR spectra of both
complexes. Indicatives of a proton migration from the carbon
atom to the nitrogen of the triazolate ring, complex 7-H and 8-
H exhibit singlets at 11.85 and 11.66 ppm, respectively.

,N R
N’ I
/- H N Naupph
PhzPAu H 3

Complicating the composition of 7-H and 8-H further is that
their 'TH NMR spectra reveal signals attributable to unreacted
alkyne groups. For complex 7-H, alkyne signals appear as three
singlets between 3.48-2.91 ppm, and for the triazolate C-H
proton, signals appear downfield between 9.22-8.34 ppm (Page
S29 in the ESI). The multiple signals arise from the presence of
two isomers noted above and the possibility of one and two
unreacted alkynes. The ratio of the different branches within
complex 7-H as determined by NMR integration for C-H:N-
H:C=C-H is as follow: 0.07: 0.64: 0.29. For 8-H the ratios is 0.42:
0.46: 0.12 (Page S32 in the ESI).

The FTIR spectra of all five model complexes (7-AuPPhs, 7-
AuPEt;, 8-AuPPh;, 7-H, and 8-H) do not contain an azide®* signal
near 2058 cm™!, but a small absorption corresponding to
unreacted alkyne>* on the end groups at 2110 cm~!supports the
conclusion that in this case the iClick is not complete.

Synthesis of iClick network metallopolymers (5-AuPPhs, 5-
AuPEt;, 5-H, 6-AuPPh3s, and 6-H).

Combining the digoldazido complex 2-AuN; with tri-
goldacetylide 3-AuPPh; or 3-AuPEt;, tri-alkyne 3-H, tetra-
goldacetylide 4-AuPPhg, or tetra-alkyne 4-H in CH,Cl, yields five
different iClick network metallopolymers (5-AuPPhs, 5-AuPEt;s,
5-H, 6-AuPPh;s, and 6-H) according to Scheme 4 and 5. Table S1
in the ESI summarizes the optimization of iClick network
metallopolymer syntheses.

been reported extensively.”>8 More evidence for

(1)

Table 1. Effect of reaction time and reaction temperature on the pore properties of iClick
network metallopolymers.

iClick Entry Reaction Reaction Specific surface
polymers temp. (°C)  time (days) area? (m?g?)
5-AuPPh;-1 rt 2 27
5-AuPPh; 5-AuPPh;-2 50 6 94
5-AuPPh;-3 100 3 54
6-AuPPh;-1 rt 2 44
6-AuPPh; 6-AuPPh;-2 50 6 85
6-AuPPh;-3 100 3 47
5-AuPEt; 5-AuPEt; 50 6 30
5-H-1 50 1 28
5-H
5-H-2 50 6 24
6-H 6-H 50 1 40

aBET specific surface area in the pressure range of 0.01-0.05 P/P0 calculated using
the BET model.

Mixing a colorless solution of complex 2-AuN; with the light-
yellow transparent gold(l) acetylide solution of 3-AuPPhs, 3-
AuPEt;, or 4-AuPPh; in CH,Cl, produces a light yellow
suspension of network polymers 5-AuPPhz, 5-AuPEt3;, or 6-
AuPPh;3, according to Scheme 4. Purification of the polymers
involves simply filtering and washing with CH,Cl,. Other

J. Name., 2013, 00, 1-3 | 3
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conditions attempted include continuous stirring at room
temperature for 2 d, but the same yellow suspension forms
(Table 1 entries 5-AuPPhs-1 and 6-AuPPh;-1). Increasing the
reaction temperature to 100 °C for 3 d yields brown solids with
a colorless solution {Table 1 entries 5-AuPPhs-3 and 6-AuPPh;s-
3). Heating at 50 °C for 6 d produces light pink network polymers
5-AuPPh;, 5-AuPEt;, and 6-AuPPh; that have the highest
surface area (Table 1 entries 5-AuPPh;-2, 5-AuPEts;, and 6-
AuPPh;-2).
AUPRg

CH,Cly

Ph, Ph
an Na—Au7POP\—Au—N3+ 2n
Pif Ph

RaPAU

AUPR;

R = Ph (3-AuPPhy),
Et (3-AuPEt;)

Ney
R= Ph (5-AuPPh;)

2-AuNg Et(5-AuPEt;).

AUPR;
R = Ph (4-AuPPhs).

fw
R= Ph (6-AuPPhy)

2-AuNy

Scheme 4. Idealized structure of the iClick network metallopolymers {(5-AuPPh,,
5-AuPEt,, and 6-AuPPhy).

It is also possible to produce network polymers using the
organic tri- and tetra-alkynes 3-H and 4-H according to Scheme
5. Stirring the digoldazido complex 2-AuN; with trialkyne 3-H in
CH,CI, for 1 d at 50 °C results in a cream-colored suspension of
5-H (Scheme 5). Table 1 entries 5-H-1 and 5-H-2 indicate that
reaction time (1 d vs. 6 d) has negligible effect on the porosity
outcome. Employing the same reaction conditions and workup
produces network polymer 6-H with similar surface areas.

H,

CH,Cl

Scheme 5. Idealized structure of the iClick network metallopolymers (5-H and 6-
H).
Examining the porosities of all polymers using nitrogen
reveals
that
increasing pressure indicative of type Il isotherm (Figure 3).

physisorption at 77 K nitrogen adsorption and

desorption isotherms increase exponentially with
Nonporous or macroporous solids display type Ill isotherms.
only 6-AuPPhs-2 exhibits a hysteresis

desorption isotherm. Determined by N, adsorption—desorption

Interestingly, loop

isotherms, all five compounds exhibit surface areas below 100

m2g! (Table 1). Despite the low surface area, these compounds
are the first iClick network metallopolymers that incorporate

4 | J. Name., 2012, 00, 1-3

metal ions directly into the polymer scaffold. One reason for the
low porosity maybe due to network collapse the porous
polymers, a common problem. Various synthetic procedures
aimed at avoiding network collapse®*—> failed to improve the
surface area.

600

—®——0—5-AuPPh 2
—®——0—6-AuPPh 2
5-AuPEt,
—8——0—5-H-1
—«——0—6-H

500

400 ~

300

(em’g™)

Vads
N
=3
S

|

100 +

T T T T T
00 02 0.4 0.6 0.8 1.0
Relative Pressure (P/ P,)

Figure 3. N, adsorption-desorption isotherms of iClick network metallopolymers
{5Au-2, 6Au-2, 5AuPEt;, 5H-1, and 6H) (solid: adsorption; hollow: desorption).

The FTIR and solid-state 13C CPMAS NMR spectra confirm the
formation of all five network polymers (5-AuPPhs-2, 5-AuPEt;,
5-H-1, 6-AuPPh;-2, and 6-H). The FTIR spectra of the five
polymers no longer exhibit the characteristic signal of the azide
group (2052 cm™) though a small signal for the unreacted
gold(l) acetylide (2110 cm™1) appears in all the materials. A new
absorption at approximately 1584 cm™ (N=N stretch) is
attributable to the formation of the expected triazolate ring
(Figure S34 in the ESI).

The solid-state 13C CPMAS NMR spectra of the network
metallopolymers (5-AuPPh;-2, 5-AuPEt;, 5-H-1, 6-AuPPh;-2,
and 6-H) match well with the solid-state and solution-phase 3C
NMR spectra of the iClick model complexes (7-AuPPh;, 7-
AuPEt3, 8-AuPPhs, 7-H, and 8-H) (Figure $35-5S39). The model
complexes all demonstrate one or multiple signals from 150-
160 ppm region that are attributable to the triazolate ring. The
multiple signals are due to the partially unreacted click reaction,
indicating model complex 8-AuPPh; has a mixture of mono-
clicked, di-clicked, tri-clicked and fully-clicked arms. Similarly,
the unreacted alkynes or acetylides exhibit multiple signals near
80 ppm. The NMR data of the model complexes mirrors the
network polymers indicating successful iClick reactions.

Figure 4A and 4B depicts the solid-state 3C CPMAS NMR
spectra of polymers 5-H-1 and 5-AuPPhs-2. 5-AuPPh;-2 exhibits
a resonance at 153.7 ppm that is attributable to the carbon on
the triazolate ring and indicates a successful iClick reaction. A
broad signal from 139.8-118.0 ppm corresponds to the aromatic
carbons and a signal at 65.6 ppm is the unreacted
gold(l)acetylides. Assigned to the carbon on the triazolate rings,
two additional signals appear at 171.3 and 160.9 ppm, implying
a mixture of expected isomers that were observed in complex
7-H discussed above. The signals appearing at 82.3 and 77.1

ppm are unreacted alkynes that are also observed in model

This journal is © The Royal Society of Chemistry 20xx
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complexes and in the IR spectrum. The assignments match well
with the solid-state and solution-phase *3C NMR spectra of the
model complexes 7-AuPPhsand 7-H in Figure S35 and S38.
Achieving 100%
network is unlikely. Though not the subject of this study those

conversion within an insoluble polymer
remaining alkyne groups can serve as future sites for post-
polymerization functionalization.

A) 5-H-1

aromatic

B) 5-AuPPh;-2

C=C triazolate

3 30 30 2 260 29 20 200 1 1 190 120 100 80 60 40 2 D 2 40 0 B0 -100 -120 140

aromatic
C) 6-H

aliphatic

D) 6-AuPPh;-2

C=C triazolate

30 3 0 280 260 29 20 200 10 150 190 120 10 8D 0 4D 20 © 20 40 <0 -B0 -100 -120 -140
Py

Figure 4. The solid-state *C CPMAS NMR spectra of A) 5-H-1, B) 5-AuPPh;-2, C) 6-
H, and D) 6-AuPPh;-2 (* = spinning side bands {13 kHz)).

Both solid-state 3C CPMAS NMR spectra of polymer 6-H and
6-AuPPh;-2 exhibit a broad signal from 139.0-122.3 assigned to
the aromatic carbons on the polymer (Figure 4C and 4D). The
signal at 65.0 ppm belongs to the central aliphatic carbon of the
linker. The triazolate ring carbons resonate at 160.3, 156.1, and
144.7 ppm. For polymer 6-AuPPh;-2, the appearance of these
signals is due to the unreacted gold acetylides producing a
di-click,
complexes, which matches the solid-state **C NMR of the model

mixture of mono-click, tri-click and fully-click
complexin Figure S36. For polymer 6-H, the three carbon signals
are again attributable to the triazolate mixtures as discussed
previously. Two additional alkyne signals at 81.1 and 68.3 ppm
appear in the spectrum. Importantly, the solid-state 13C CPMAS
NMR spectra of all network polymers matches well with that of
the solution-state 3C{*H} NMR of the model complexes, further
supporting the assignments of the polymer structures (Figure
S$35-S39 in the ESI).

Thermogravimetric analysis {TGA) curves demonstrate that
all polymers are thermally stable up to 290 °C (Figure S40 in the
ESI). Polymer 5-AuPPh3-2 and 6-AuPPh;s-2 depict a glass
transition temperature (7g) at -32.8 °C and -40.5 °C in the
differential scanning calorimetry (DSC) data between -70 to 220
°C (Figure S41 in the ESI). Notably, the T, of the DSC result and
the absorption analysis were evidence that the iClick polymer

This journal is © The Royal Society of Chemistry 20xx

would swell and were considered network polymers. Powder X-
ray Diffraction (PXRD) data obtained for 5-AuPPhs-2 and 6-
AuPPhs-2 confirm their amorphous composition {Figure S53).
The TEM and STEM images of polymer 6-AuPPhs-2 reveal a
strong contrast between the polymer and the substrate
indicating the presence of Au(l) within the polymer. The sample
also contains gold nanoparticles on the surface of the material
as a minor impurity (confirmed by EDS). (Figure S49 in the ESI).
The STEM EDS spectra demonstrates that the polymer 6-
AuPPhs3-2 contains atoms P, while the gold nanoparticles
contain only Au (Figure S51 in the ESI).

Discussion

Unreacted alkyne groups suggest the maximum degree of
(DP) iClick
formation of these network polymers and may contribute to the

polymerization was not achieved during the
low porosity. Another feature unique to this system that
prevents high DP is that azide groups can undergo exchange and
shunt polymer growth. Figure 5 depicts the exchange reaction
that eliminates an azide group from the monomer with free
Indeed, NMR studies indicate 2-AuNs3 rapidly
exchanges with free phosphine. The 3P{*H} NMR spectrum of

phosphine.

the mixture reveals a resonance attributable to PhsAuN; (1-
AuN;). Finally, bulky PPhs groups on the polymer branch also
may account for the low surface area for all five complexes. The
sterically hindered PPh;s ligands could fill the pores preventing
gas adsorption and resulting in type lll isotherms.

2-AuN; and PPh3 in CH,Cl, for 10 min

/ evidence of substitution

" e ik oy

PPh; in CH,Cl,

2-AuN; in CH,CI,

a5 £y 35 30 25 20 15 5 0 5 10 15 20

10
f1 (ppm)

Ph, Ph CH,Cl, Ph, Ph
N3*AU7P4@7P\*AU7N3 + PPhy —> N37Au—,POP\ +  PhsP-Au-N;
PH Ph Ph Ph
2-AuN, 1-AuN;

Figure 5. (Top) Stacked 3'P{*H} NMR spectra of an in situ experiment of adding 2-
AuNj and PPh; in CH,Cl, for 10 min, PPh; in CH,Cl,, and 2-AuN; in CH,Cl,. {(Bottom)
Illustration of substitution reaction of 2-AuN; and PPh;,.

Polymers 5-H and 6-H have surface areas similar to 5-AuPPh;-1
and 6-AuPPhs;-1, indicating that for all four, the bulky PPh;
ligands on the polymer backbone are filling the pores.
Investigating the CO, adsorption properties of all five
polymers helps identify the different uptake capacities between
the structures. Polymers 5-AuPPh;-2, 6-AuPPh;-2, and 6-H all
demonstrate CO, adsorption capacities of around 30 and 14
mgg at 273 and 298 K, respectively {(Table S4 in the ESI).

J. Name., 2013, 00,1-3 | 5
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Judging from the higher surface areas of polymers 5-AuPPhs-2
and 6-AuPPhs-2, it is obvious that both polymers demonstrate
a higher CO, uptake amount.>* The CO, adsorption capacities in
5-AuPEt; and 5-H-1 at 273 and 298 K are around 15 and 8 mg g*
(Table S4 in the ESI), respectively, which match the lower
surface areas of the polymers. These results are lower in
comparison to reported organic click-based polymers.6:96

Conclusion

Incorporating the digoldazido complex 2-AuN3 with
gold(l)acetylide or alkynes produces the first series of iClick
network metallopolymers that are thermally stable and possess
porous properties. This work expands the scope of metal
containing porous polymers beyond the ligand classes of
polypyridines, phthalocyanine, and porphyrins to now include
triazolate ligands. The model complexes 7-AuPPhs, 7-AuPEt;, 8-
AuPPh;, 7-H, and 8-H help elucidate the characterization
features of the insoluble network polymers and revealed
incomplete iClick reactions and triazolate isomerization. A
measurable Tg, IR spectra showing the consumption of the
azide/alkyne groups, solid-state 3C NMR data confirming a
triazolate within the material, and measurable surface areas,
provide evidence supporting the assignment of iClick network
polymers. Due to limited solubility, the degree of
polymerization and extent of crosslinking remain to be
interrogated. This study provides the beginnings of a new
strategy to synthesize heterogeneous network
metallopolymers with metals incorporated both within the
main chain and side branches.
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