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Hypothesis: In situ crosslinking is expected to increase the solvent stability of coatings formed by surface-
initiated ring opening metathesis polymerization (SI ROMP). Solvent-associated degradation limits the
utility of SI ROMP coatings. SI ROMP coatings have a unique capacity for post-functionalization through
reaction of the unsaturated site on the polymer backbone. Any post-reaction scheme which requires a
liquid solvent has the potential to degrade the coating and lower the thickness of the resulting film.
Experiments: We designed a macromolecular crosslinking group based on PEG dinorbornene. The PEG
length is tailored to the expected mean chain to chain distance during surface-initiated polymerization.
This crosslinkingmacromer is randomly copolymerizedwith norbornene through SI ROMP on a gold coated
substrate. The solvent stability of polynorbornene coatings with and without PEG dinorbornene is quanti-
tatively determined, and themechanismof degradation is further supported throughXPS andAFManalyses.
Findings: The addition of the 0.25 mol% PEG dinorbornene significantly increases the solvent stability of the
SI ROMP coatings. The crosslinker presence in themore stable films is supportedwith observable PEGabsor-
bances by FTIR and an increase in contact angle hysteresiswhen compared to non-crosslinked coatings. The
oxidationof the SI ROMPcoatings is supportedby theobservation of carbonyl oxygen in thepolynorbornene
coatings. The rapid loss of the non-crosslinked SI ROMP coating corresponds to nanoscale pitting across the
surface andmicron-scale regions of widespread film loss. The crosslinked coatings have uniform nanoscale
pitting, but the crosslinked films show no evidence of micron-scale film damage. In all, the incorporation of
minimal crosslinking content is a simple strategy for improving the solvent stability of SI ROMP coatings.
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1. Introduction

Functionalized polymer coatings are pervasive throughout the
scientific literature, including applications as self-healing materials
[1,2], dielectric layers [3–5], responsive materials [6,7], membrane
modifiers [8], insulating barriers [9] and conductive surfaces [10].
In particular, surface-initiated polymerization (SIP) techniques
[3,11–13] are attractive owing to fine control over growth rate
[3,14] and a capacity to create a conformal coating over complex
morphologies [12,15,16]. While many surface properties are
accessible through SIP of appropriate monomers, the
post-polymerization functionalization of a coating provides an
opportunity for more diverse surface chemistries than are
presently attainable. For example, many ionomer systems are
based on polymers which are both fluorinated and sulfonated
[17]. A surface-initiated strategy to combine these functional
groups requires polymerization followed by sulfonation to avoid
the low polymerization rates of sulfonated monomers [18–20].

Of the SIP approaches, surface-initiated ring opening metathesis
polymerization (SI ROMP) offers the simplest approach for post-
polymerization modification through the unsaturated bonds in
polymer backbone [14,21,22]. While most polymerization routes
consume the alkene group, SI ROMP opens strained ring monomers
by a metathesis catalyst which rearranges and preserves the alkene
[14,21,23]. When using ruthenium based metathesis catalysts, SI
ROMP can be performed in ambient environmental conditions with
a high rate of polymerization and precise control over surface coat-
ing thickness [11,24]. In addition, ROMP is faster than other SIP
methods like surface initiated atom transfer radical polymerization
or surface initiated reversible addition-fragmentation chain trans-
fer polymerization [25–28]. ROMP can produce micron thick coat-
ings in minutes where as other SIP methods typically require
hours.

The instability of the SI ROMP coatings represents a critical
obstacle in post-modification reactions. Lerum and Chen first
observed the decrease in the thickness of these SI ROMP coatings
during exposure to the organic solvents (Fig. 1A, B) [29]. They
observed a 93% loss in film thickness following exposure of polybu-
tadiene (PBd) to dichloromethane in an ambient atmosphere [29].
The stability of the silane linkage to the SiO2 substrates indicated
damage to the polymer coating layer. By contrasting the film loss
upon solvent rinsing in ambient conditions to loss in a nitrogen
environment, they proposed that the damage is the result of oxida-
Fig. 1. The role of crosslinking in stabilizing an SI ROMP coating. (A) Non-
crosslinked polynorbornene film structure. (B) Non-crosslinked polynorbornene
backbone after washing with dichloromethane (DCM). (C) Crosslinked polynor-
bornene film structure. (D) Crosslinked polynorbornene backbone after washing
with dichloromethane.
tive cleavage of the internal alkene in the ROMP backbone. As this
oxidation is not commonly observed in solution phase ROMP
chains, they proposed an entropic driving force to promote the
cleavage of a surface-tethered chain. Other groups have also
observed a decrease in SI ROMP coating thickness following expo-
sure to organic solvents [19,30–32]. For any solution phase pro-
cessing of these coatings, film loss during solvation is a critical
concern. This challenge is highlighted in a previous study of the
sulfonation of SI ROMP coatings. The instability of the coating
resulted significant film loss during the solution phase reaction,
ultimately requiring thicker initial films to achieve target thickness
of the sulfonated film [19].

In the present study, we hypothesize that a crosslinking addi-
tive will improve the stability of SI ROMP coatings during solvent
exposure and chemical functionalization of the deposited grown
coatings. We designed a simple crosslinking molecule for ROMP
polymerization consisting of a dinorbornene polyethylene glycol
(PEG), and we studied changes to an SI ROMP polynorbornene
(pNB) coating with and without incorporation of this crosslinker
(Fig. 2). The solvent stabilities of pNB and crosslinked polynor-
bornene (DiNB-pNB) coatings were contrasted via repetitive expo-
sure to dichloromethane, where minimal film loss was observed
for crosslinked coating as compared to the non-crosslinked
coating.

Our general approach illustrates a straightforward strategy for
stabilizing SI ROMP coatings against solvation-induced degrada-
tion to facilitate complex coating chemistries. SI ROMP is a highly
utilized coating technique for rapid, conformal coatings on com-
plex surfaces. To date, nitrogen purging has been the only pub-
lished approach to stabilize SI ROMP coatings to solvent
accelerated degradation [29]. We anticipate these crosslinked, sol-
vent stable SI ROMP coatings to be ideal for modification of the ole-
fin backbone in thiol-ene click reactions [33–35]. This pairing of a
highly specific, orthogonal click-type reaction and rapid growth of
a stable film is expected to enable a diverse class of thick, confor-
mal coatings containing with difficult to polymerize functional
groups.
Fig. 2. Schematic representation of crosslinked SI ROMP coating preparation. (A)
Norbornenyl (NBCl2) decorated SAM, (B) Grubbs catalyst attached to norbornenyl
surface, (C) SI ROMP of polynorbornene, (D) SI ROMP of crosslinked polynorbornene
through random co-polymerization.



Fig. 3. Relationship between polymer backbone density and dinorbornene linker
length. (A) Schematic representing the density of catalyst-related molecules in SI
ROMP from a hydroxyl terminated SAM. (B) Synthesis and all-trans length scale for
the dinorbornene crosslinker.
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2. Experimental section

2.1. Materials

Polyethylene glycol 3350 (PEG 3350), 5-norbornene-2-
carboxylic acid (NBAC), N,N’-dicyclohexylcarbodiimide (DCC), 4-
(dimethylamino) pyridine (DMAP), pyridine, sodium chloride,
sodium hydroxide, glycine, 11-mercapto-1-undecanol, trans-3,6-e
ndomethylene-1,2,3,6-tetrahydropthaloyl chloride 97% (NBCl2),
Grubbs 1st generation catalyst and bicyclo[2.2.1]hept-2ene (nor-
bornene) were ordered from Sigma Aldrich. All solvents were order
from Acros (Fisher) and were used as received.

2.2. Gold coated substrate preparation

Hummer 8.1 DC sputter system was used to sequentially sput-
ter a 200 Å thick adhesion layer of chromium and an 800 Å thick
layer of gold on plasma cleaned silicon wafers. The coated wafers
were then annealed at 220 �C for at least 1 h to obtain uniform gold
surface. The gold substrates were typically cut to 1 cm � 3 cm,
rinsed with 200 proof ethanol, and dried under a stream of
nitrogen.

2.3. Synthesis of dinorbornene-crosslinker (DiNB)

Dinorbornene-crosslinker was synthesized by referring the pro-
tocol by Rehmann et al. [36] (Fig. 3B). Two different solutions were
made using degassed dichloromethane (DCM). First, 0.574 mg of
DCC and 0.681 mL of NBAC was mixed in 50 mL of DCM under
nitrogen environment. Second, a solution consisting of 0.017 g
PEG3350 and 0.933 g DMAP was mixed in 50 mL of DCM in a nitro-
gen environment. After 20 min, 0.225 mL pyridine was added to
the PEG solution, and then the PEG solution was added to the NBAC
solution in a nitrogen environment and stirred overnight. The pro-
duct solution was then filtered under vacuum to separate insoluble
dicyclohexylurea from soluble dinorbornene-crosslinker product.
The soluble product was recrystallized by concentrating the solu-
tion under vacuum, and then adding 10 times volume excess of
cold diethyl ether. The supernatant ether was discarded and the
precipitate was dissolved in chloroform. This solution was then
washed twice with aqueous solutions of 0.05 M glycine, 0.05 M
sodium hydroxide, and 0.05 M sodium chloride. Finally, the organic
solution was washed with 5.1 M solution of sodium chloride. The
product was recrystallized again and washed with 10 times vol-
ume excess of cold ether and centrifuged to separate the final
product. A 400 MHz Varian Nuclear magnetic resonance (NMR)
spectroscope was used confirm the composition of the PEG dinor-
bornene crosslinker. A minimum of 32 scans were used for quanti-
tative determination of peak position and integration. H NMR
(CDCl3): d = 2.9, 3.04, 3.22 (4H, m, >CHACH@), d = 1.3–1.47(4H,
m, >CHACH2ACH<), d = 5.94, 6.1, 6.14, 6.19(4H, m, ACH@),
d = 2.26, 2.97(2H, m, >CHACOA), d = 1.27, 1.53, 1.85–1.97(4H, m,
ACH2ACHACO), d = 3.46, 3.63, 3.81, 4.17, 4.25(4H, m,
OACH2ACH2A).

2.4. Surface-initiated ring opening metathesis polymerization

Gold coated substrates were placed in 1 mM solution of
11-mercapto-1-undecanol in ethanol for at least 60 min to form
a crude, hydroxyl-terminated, self-assembled monolayer. Samples
were rinsed with ethanol and dried under a stream of ultra-high
purity (UHP) nitrogen. Monolayer coated substrates were exposed
to a 5 mM solution of trans-3,6-endomethylene-1,2,3,6-tetrahy
dropthaloyl chloride (NBCl2) in DCM for 30 min, yielding a nor-
bornene functionalized surface [19]. Samples were rinsed with
ethanol and dried under a stream of nitrogen. Grubbs catalyst
was immobilized on these substrates by immersing them in
5 mM solution of Grubbs 1st generation catalyst in DCM for
15 min. After 15 min, they were washed with DCM to remove
unbound catalyst from the surface. Catalyst coated substrates were
immediately put in a norbornene-based monomer solution for SI
ROMP. Control surfaces of SI ROMP pNB were prepared with a
0.5 M solution of norbornene (NB) in DCM. Crosslinked SI ROMP
surfaces were prepared through incorporation of up to 1 mol% of
the DiNB crosslinker. Reaction time was adjusted to control coating
thickness. Reaction times ranged from a few seconds to 2 h.
2.5. Characterization techniques

A Rame-Hart contact angle goniometer (Model 100) was used to
measure the advancing and receding contact angle between on
polymer coated surfaces at room temperature. A drop of about
5 lL was placed on the surface and measurements were performed
by increasing or decreasing drop volume to advance or recede the
air-water-solid interface across the surface. The data is reported as
mean ± standard deviation of at least 8 samples.

An Agilent 680 Fourier transform infrared spectrometer with an
MCT external detector was used for compositional analysis of
polymer surface coatings. The instrument was equipped with a
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Universal Sampling Accessory for grazing angle analysis of thin
polymer coatings on metal surfaces. The p-polarized IR beam was
reflected off the surface at an 80� angle from the surface normal.
100 scans of background and each sample were performed at res-
olution of 4 cm�1.

A profilometer was used to determine film thickness. The poly-
mer coating was scratched with a wooden pick while the underly-
ing gold coated silicon substrate was unaffected. A Dektak6m
programmable surface profiler measuring system was used to
measure the scratch depth at an applied force of 3 mg and a
1.000 mm scan length.

Electrochemical impedance spectroscopy was performed using
a standard three-electrode flat cell (Princeton Applied Research,
model K0235) and a Gamry Reference 600 potentiostat. The sub-
strates were mounted on the flat cell with a fixed working elec-
trode area of 1 cm2. The polymer coated sample was used as a
working electrode in combination with a Ag/AgCl/saturated KCl
(aq.) reference electrode and a bare gold coated silicon substrate
counter electrode in an electrolyte solution of 1 mM K3[Fe(CN)6],
1 mM K4[Fe(CN)6] and 0.1 M Na2SO4. Spectra were collected
between 10�1 and 104 Hz. A Randles equivalent circuit modified
withWarburg Impedance was fit to the collected data to determine
the film resistance and capacitance [37]. All experiments were per-
formed at room temperature. All reported data are the mean ±
standard deviation of the measurement from at least 8 samples.

Film coverage and surface morphology were investigated with
Agilent Technologies 5500 scanning probe molecular imaging
AFM instrument. Images of 10 lm � 10 lm are collected in tap-
ping mode with silicon tip.

XPS spectra were collected using X-rays generated by a Mg-K-a
source (1253.6 eV, PHI 04-548 Dual Anode X-ray source). Emitted
photoelectrons were analyzed with an 1100 diameter hemispherical
electron energy analyzer with multichannel detector, with pass
energies of 23.5 eV and 0.025 eV step size (Phi 5600). Samples
were measured with a 45� take off angle.
Fig. 4. Reflection absorption infrared spectroscopy of SI ROMP of polynorbornene
(pNB) and crosslinked polynorbornene with 0.25 mol % crosslinker (DiNB-pNB).
3. Results and discussion

The crosslinking monomer design is based on the expected dis-
tance between polymer chains in an actively polymerizing SI
ROMP surface. In SI ROMP, neighboring chains are anchored to
the substrate at locations which are primed by catalyst attach-
ment. The catalyst surface density is dictated by grafting density
of NBCl2 and the subsequent grafting of the Grubbs catalyst. Based
on estimates of �1012 molecules per cm2 of Grubbs catalyst in a
prior study using a similar catalyst attachment scheme [38], the
expected distance between pNB backbone chains to be approxi-
mately 4 nm (Fig. 3A). The crosslinker is designed to be of compa-
rable length (or distance between 2 ends of crosslinker) as the
distance between chains to encourage intermolecular crosslinking.
PEG 3350 is used as a linker for two 5-norbornene-2-carboxylic
acid molecules to yield a molecule with an all trans end to end dis-
tance of �28 nm. While 28 nm is excessive for crosslinking across
chains separated by 4 nm, the solvated structure of the crosslink-
ing chain is significantly smaller than the all trans length of mole-
cule. The radius of gyration of PEG in dichloromethane is not
readily available. We approximate the radius of gyration of PEG
3350 in dichloromethane to be similar to the radius of gyration
of PEG 3350 in water (�2.3 nm) [39]. This estimate of solvated
chain length is comparable to that of the distance between initia-
tion sites and is expected to be appropriate for crosslinking this
surface-initiated system. Longer crosslinking chains are also
expected to crosslink a surface initiated system, but these longer
chains are expected to decrease the film growth rate through dilu-
tion of the norbornene reactive groups.
3.1. Influence of dinorbornene-crosslinker on SI ROMP coating
composition and structure

The incorporation of the crosslinking molecule was confirmed
via FTIR. In the spectra for the pNB coatings, distinct methylene
peaks were observed for symmetric stretching, asymmetric
stretching, and scissoring modes. The CAH stretching region for
pNB coating IR spectra has strong cyclic methylene peaks at
2945 cm�1 (asymmetric) and at 2862 cm�1 (symmetric) with an
additional stretching peak at 2907 cm�1 [40]. A cyclic methylene
scissoring peak is seen at 1455 cm�1 with signature Davydov split-
ting into 1465 cm�1 and 1448 cm�1 indicating a relatively
homogenous and well-ordered chain structure [41]. The out of
plane bending peaks for C@CH olefin functionality [40,42] are seen
at 968 cm�1 and a shoulder-like C@CH stretching peak at
3030 cm�1 [40,42].

For pNB coatings grown with the addition of 0.25, 0.5, or 1 mol%
DiNB crosslinker, all characteristic peaks for pNB are conserved,
and additional peaks consistent with the IR absorbance of PEG
are introduced (Fig. 4 and SI – Fig. 3). The finger print region for
PEG CAOAC absorption by PEG around 1029 cm�1 [43–45] was
observed at cross linker concentrations as low as 0.25 mol %. At
this minimum concentration, the C@CH out of plane bending peak
is in the same position as in non-crosslinked pNB coating suggest-
ing no major changes in the environment of the olefin functionality
after crosslinking. The position of the methylene scissoring peaks is
similarly conserved at 1465 cm�1 and 1446 cm�1. The asymmetric
and symmetric methylene CAH stretching peaks (2950 cm�1 and
2865 cm�1) are typically sensitive to alterations in polymer crys-
tallinity [46], where these peaks shift by over 10 cm�1 with a
change in chain-chain interactions [47,48]. The crosslinked pNB
is red shifted by 3–5 cm�1 when compared to these absorbances
in the pure pNB coating. This red shift is supportive of a change
in the chain packing with the addition of the DiNB crosslinking
monomer. Since our goal is to stabilize SI ROMP films while leaving
their functionality intact, we focused the remaining studies on
0.25 mol% DiNB.

The incorporation of the DiNB crosslinker in the pNB coatings is
further supported by analysis of the XPS spectra of the films
(Fig. 5). When compared to the spectra of the pNB coatings, the
spectra of the DiNB-pNB coatings include a shoulder centered at
534.5 eV, consistent with the ethereal oxygen in the PEG function-
ality of the DiNB crosslinker [49,50]. The XPS spectra for both films
include peaks at �533 eV consistent with carbonyl oxygen. Criti-
cally, the DiNB-pNB coatings are expected to include <0.1 atom%



Fig. 5. O1 s region of XPS spectra of (A) non-crosslinked pNB coatings and (B) DiNB-
pNB coatings.

Table 2
Advancing and receding contact angle for water on SI ROMP coating. Data represent
mean ± standard deviation.

Coating Thickness (nm) HA (�) HR (�)

pNB 46 ± 6 98 ± 2 77 ± 3
DiNB-pNB 40 ± 5 95 ± 3 65 ± 6

Table 3
Film resistance and interfacial capacitance for SI ROMP coating.

Film Thickness (nm) Log (Rf) X cm2 Cf nF/cm2

pNB 38.5 ± 12.4 4.66 ± 0.44 623 ± 514
DiNB-pNB 36 ± 10.5 5.93 ± 0.39 210 ± 108
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carbonyl oxygen from the ester bound norbornene, and the pNB
coatings are not expected to contain any oxygen in the bulk poly-
mer layer. The high carbonyl oxygen content of the coatings is con-
sistent with previously observed degradation products of polymers
[51]. While Lerum and Chen postulated the entropy accelerated
oxidation of SI ROMP pNB coatings, the spectral observation of
these degradation products has not been reported to date [29].
The presence of carbonyl oxygen peaks in the XPS spectra strongly
supports the oxidative degradation of these coatings in ambient
environments.

The rate of film growth is dramatically decreased by the addi-
tion of the DiNB crosslinking monomer (Table 1). While a 0.5 M
solution of NB in dichloromethane yields a coating of �1 lm in
Table 1
Coating thickness following immersion of a Grubbs catalyst coated substrate in the
indicated solution for 15 min.

Solution Thickness
(nm)

0.5 M NB in dichoromethane 1046 ± 506
0.5 M NB and 0.25 mol% DiNB in dichoromethane 33 ± 12
0.5 M NB and 0.25 mol% methylene terminated PEG 2000 in

dichoromethane
16 ± 7

0.5 M NB and 0.25 mol% polystyrene (Mn 2200) 534 ± 93
15 min, the addition of 0.25 mol% DiNB to the same solution of
NB only yields a 30 nm coating. To determine if the decrease in film
growth rate is related to chemical attributes of the crosslinker or
steric hindrance from the presence of solvated polymer chains,
0.25 mol% methylene terminated PEG (Mn 2000) or 0.25 mol%
polystyrene (Mn 2000) was added to the 0.5 M NB solution during
Fig. 6. Electrochemical impedance spectroscopy of SI ROMP polynorbornene
coatings. (A) Bode plot of representative experimental data from SI ROMP
polynorbornene (&) and SI ROMP crosslinked polynorbornene (▲) coatings. Lines
represent fitting of an equivalent circuit to the experimental data. (B) Modified
Randle’s model circuit with Warburg impedance (Zw) used to fit experimental data.
(Rs: Solution resistance, Rf: Film resistance, Cf: Film capacitance).



Fig. 7. SI ROMP coating stability data. The profilometric thickness of a polynor-
bornene or crosslinked polynorbornene coating is measured following the indicated
number of rinse cycles. Each rinse cycle is the sequential exposure to DCM, ethanol,
and water.
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polymerization. While the addition of the PEG limited the film
growth to 16 nm, the polystyrene and NB solution still supported
film growth >500 nm. These polymer additives both decrease the
Fig. 8. AFM image of SI ROMP coatings; (A) Non-crosslinked i.e. pNB and unrinsed, (B) N
Crosslinked i.e. DiNB-pNB and rinsed.
rate of pNB film growth, but the PEG chain has a stronger negative
effect on the film growth rate than the polystyrene. In all, the PEG
backbone for the crosslinker is not ideal for supporting the rapid
growth of thicker films using Grubbs first generation catalyst. Crit-
ically, the polystyrene and other commonly available polymer
backbones are more challenging to end functionalize. As a result,
we use the PEG backbone here to demonstrate the proof of concept
for coating stabilization. For applications requiring thicker films,
alternative catalysts or crosslinker chemistries may be warranted.

Advancing and receding water contact angles for pNB coating
are�98� and�77�, and these values are consistent with prior stud-
ies (Table 2) [19,20]. For DiNB-pNB films, the advancing water con-
tact angle is similar (95�) to that of the pNB film. There is a
significant decrease in the receding water contact angle (�65�)
with the incorporation of the DiNB crosslinker when compared
to the pNB film. The decrease in the contact angles are attributed
to the introduction of hydrophilic PEG chains in the DiNB crosslin-
ker [47]. Additionally, the larger change in the receding contact
angle than for the advancing contact angle is expected, owing to
the receding contact angle’s greater dependency on the hydrophilic
content of the surface [52,53].

Electrochemical impedance spectroscopy was used to evaluate
changes in coating structuring upon the addition of the DiNB cross-
linker (Table 3). Fig. 6A displays representative Bode plots for
�37 nm pNB coatings and DiNB-pNB coatings. A modified Randle’s
equivalent circuit with Warburg’s impedance term for mass trans-
port resistance was fit to the experimental data. Based on these fits,
on-crosslinked i.e. pNB and rinsed, (C) Crosslinked i.e. DiNB-pNB and unrinsed, (D)
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the film capacitance of the pNB coating (623 ± 514 nF/cm2) was
similar to that of the crosslinked film (210 ± 108 nF/cm2). This sup-
ports a similar dielectric and thickness for the two coatings. Inter-
estingly, the crosslinked coating had a slightly higher mean film
resistance (105.9 X cm2) than that of the native pNB coating
(104.7 X cm2). While this potentially supports greater coating uni-
formity in the crosslinked film, this minimal difference in mean
resistance will not significantly alter the practical application of a
functional SI ROMP coating.

3.2. The influence of crosslinking on coating stability in solvent

To determine the effectiveness of a 0.25 mol% crosslinker in sta-
bilizing an SI ROMP coating, we measured the thickness of pNB and
DiNB-pNB coatings after rinsing sequentially with dichloro-
methane, ethanol, and water (Fig. 7). All the samples were rinsed
in the same ambient atmospheric conditions to minimize the varia-
tion in temperature and oxygen content in the atmosphere. Each
sample was immersed in the DCM for 5 s, removed into ambient
air, and gently shaken to remove excess solvent. Samples were then
immediately rinsed with ethanol and then water in the same fash-
ion. After rinsing with water, the sample was dried under a stream
of nitrogen. Thicker coatings were utilized in this study to allow
greater resolution in the fractional coating loss, and polymerization
times were adjusted to achieve coatings approximately 90 nm in
thickness. The stability of SI ROMP coating increased significantly
with the addition of the DiNB crosslinker for the first rinse and each
subsequent rinse (p < 0.05). The film loss after 10 rinses decreased
from �73% to �28% after introducing crosslinker. The relative film
loss for the pNB coating compares favorably with a prior study by
Lerum and Chen, where 93% of a polybutadiene film was lost after
10 rinses of dichloromethane in an ambient environment. A small
decrease in the coating thickness upon rinsing still occurs in the
DiNB sample, and this film loss is expected due to the persistence
of olefin functionality in the polymer backbone.

The microstructure of the rinsed and unrinsed coatings further
informs the role of coating crosslinking in the solvent stability of SI
ROMP films. Fig. 8 shows the topographical images of pNB and
DiNB-pNB coatings obtained by atomic force microscopy (AFM).
Immediately after film formation, the pNB and DiNB-pNB coatings
look similar to other polymer brush coatings found in literature,
including examples of other SI ROMP coatings [14,20,54]. For the
pNB film, the surface morphology changes dramatically after expo-
sure to 10 cycles of dichloromethane, ethanol and water. The
rinsed pNB coatings (Fig. 8B) have nanoscale pits indicative of a
uniform loss of material throughout the coating. Additionally, the
rinsed pNB coatings have circular, micron-scale defects Fig. 8B
and regions where the pits are interconnected. The DiNB-pNB also
forms nanoscale pits from the loss of polymer, but the overall coat-
ing morphology is still similar to that of an as-grown pNB and the
DiNB-pNB coating. The rinsed DiNB-pNB coating does not have
large regions of widespread film loss seen in the pNB rinsed coat-
ings. In all, the film loss in the rinsed pNB coatings supports a rapid,
uniform loss of coating material, with localized regions of acceler-
ated film loss. The crosslinked DiNB-pNB coatings still exhibit uni-
form loss of material on the submicron scale, but the macroscale
loss of films is not observed.

4. Conclusion

We hypothesized that in situ crosslinking is a straightforward
approach to stabilize SI ROMP coatings. We found that the stability
of pNB coating against organic solvents in an ambient environment
is increased significantly with the addition of a dinorbornene
crosslinker at 0.25 mol%. Additionally, we report the first spectral
data supporting oxidative degradation of these SI ROMP coatings
in ambient environments. To date, processing in a deoxygenated
environment is the only published approach to limit solvent-
associated degradation [29]. Interestingly, ROMP with Grubbs cat-
alyst is largely tolerant of oxygen [55,56], where many competing
grafting-from chemistries have stricter purging requirements
[57,58]. A processing requirement of an oxygen-free environment
would greatly decrease the attractiveness of ROMP-based surface
modification over slower techniques like SI-ATRP and other radical
chain growth strategies [59,60].

We envision utility of these solvent-stable films in the fabrica-
tion of conformal coatings of difficult-to-polymerize functional
groups. The residual alkene functionality of ROMP coatings is com-
patible with thiol-based click reactions [34,35]. The selectivity of
thiol-ene chemistry makes this approach ideal for a diverse set of
functional groups [61,62], and the oxygen tolerance of thiol-ene
chemistry also is appropriate for ambient processing of a thick,
solvent-stable ROMP coatings [63–65]. The great diversity of func-
tional norbornenes [66,67] also creates an opportunity for one
functional group to be polymerized on a norbornene side chain
with a second functional group to be added via thiol-ene chemistry
on the polymer backbone. Our demonstration of an ambient envi-
ronment, solvent-tolerant SI ROMP strategy enables the develop-
ment of more complex surface tethered polymer chemistries for
functional coatings.

The crosslinker design described here is based on a PEG-
dinorbornenemolecule of sufficient length to bridge adjacent active
sites on the catalyst primed surface. The PEG chemistrywas selected
primarily for ease of functionalization, but was discovered to
strongly decrease the rate of polymerization for the pNB coatings.
Additionally, the total amount of crosslinker was limited to
0.25 mol% of the NB in solution due to the lower growth rate in
the presence of PEG. In futurework, the use of catalysts with greater
functional group tolerance is expected to enable the use of this PEG
dinorbornene crosslinker with a less detrimental impact on the film
growth rate. Alternatively, the crosslinkermay be redesigned to uti-
lize a backbone more compatible with Grubbs first generation cata-
lyst. While we expect greater stability with higher crosslinker
loadings, we also demonstrated that the crosslinker alters the wet-
tability of the polymer coating. A higher crosslinker loading is
expected to have a greater impact on the surface properties of the
coating. As a result, future studies in functional SI ROMP coatings
should carefully consider the crosslinker’s interaction with the cat-
alyst, the crosslinker’s impact on the desired surface properties, and
the desired solvent stability of the coating.
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