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The preparation of well-controlled
poly(N-cyclohexyl-exo-norbornene-5,
6-dicarboximide) polymers

Andrew M Spring, Feng Yu, Feng Qiu, Kazuhiro Yamamoto and Shiyoshi Yokoyama

We have studied the ring-opening metathesis polymerization of N-cyclohexyl-exo-norbornene-5,6-dicarboximide using the

following 4 initiators: Grubbs 1, Grubbs 2, Hoveyda–Grubbs 1 (HG1) and Hoveyda–Grubbs 2 (HG2). Only the Grubbs 1 initiator

was able to precisely control the polymer molecular weight. Polymerizations initiated by the HG1, Grubbs 2 and HG2 initiators

could not be controlled well. Both the Grubbs 1 and HG1 yielded polymers with a high trans % (85–98%), whereas Grubbs 2

and HG2 yielded polymers with a lower trans % (50–52%). The level of molecular weight control for the four initiators

decreased in the order Grubbs 14HG14HG24Grubbs 2. We also demonstrated that, in the case of polymers produced using

Grubbs 1, the refractive indices (RIs) of the polymers decreased in a linear and controllable fashion from 1.539 to 1.534 at

633nm, as the molecular weight was increased from 6700 to 26400. This change represented a decrease in the RI of 0.005.
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INTRODUCTION

The academic interest in poly(N-exo-norbornene-5,6-dicarboximide)
(poly(NDI)) polymers has recently increased substantially, and its
applications span physics,1 chemistry2 and biology.3 A small selection
of these interesting applications include cell adhesion materials,
membranes, insulating materials and various optics applications.4–9

This breadth of applications can be attributed to the fact that, as a
polymer class, poly(NDI)s have been demonstrated to exhibit
favorable thermal and mechanical properties, which greatly extend
their range of practical applications.10–14 Furthermore, ring-opening
metathesis polymerization allows the preparation of well-defined
random, block and alternating copolymers that extend the utility of
poly(NDI)s as a system to prepare reactive and functional
polymers.15,16 Therefore, a systematic study of the influence of the
Grubbs initiator on the precise controllability of the molecular weight
and stereochemistry of a standard NDI monomer is of practical
utility. Monomer preparation for poly(NDI)s is simple and easy.17

Tlenkopatchev and coworkers have studied poly(NDI)s in detail using
the Grubbs 1 (G1) and Grubbs 2 (G2) initiators.13,14,18,19 Such
initiators are known to impart trans–cis conformations into the
polymer backbone. In this study, we focused on the monomer
N-cyclohexyl-exo-norbornene-5,6-dicarboximide (CyNDI (4))
(Scheme 1). This monomer and polymer are soluble in common
organic solvents such as chloroform and tetrahydrofuran. Further-
more, the monomer CyNDI (4) is easy to prepare in large quantities.
Currently, the four different initiators G1, G2, Hoveyda–Grubbs 1

(HG1) and Hoveyda–Grubbs 2 (HG2) are frequently used. In this
investigation, our primary aim was to discover which of these four
Grubbs initiators was best suited to control the polymer molecular
weight, its polydispersity and, therefore, its refractive index (RI).
A mismatch between the initiator reactivity and the monomer ring
strain can lead to uncontrolled nonliving polymerizations that result
in products with high molecular weights and polydispersities.
We aimed to produce polymers of a target number-average
molecular weight (Mn) between 2500 and 150 000. Species with
molecular weights o10 000 are easily analyzed via matrix-assisted
laser desorption ionization–time-of-flight mass spectrometry
(MALDI–TOF MS) without inducing fragmentation of the polymer
chain, whereas species with molecular weights 410 000 have the
benefit of exhibiting the desirable physical characteristics of polymers
with much greater Mn values, such as a high glass transition
temperature (Tg) and a high thermal decomposition temperature
(Td); they are also easily processed to form high-optical-quality
films. We have demonstrated that the Mn of poly(CyNDI) can be
precisely manipulated by altering the [monomer]/[initiator] ([M]/[I])
ratio using the G1 initiator (Scheme 1); this precise control
was not possible with the G2, HG1 or HG2 initiator.
Selected polymers were characterized using 1H and 13C nuclear
magnetic resonance (NMR) spectroscopy, size-exclusion chromato-
graphy (SEC), differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA), MALDI–TOF, elemental analysis (EA)
and RI measurements.
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EXPERIMENTAL PROCEDURE

Materials
Dicyclopentadiene and cyclohexylamine were purchased from Tokyo Chemical

Industry, Tokyo, Japan, and were used without prior purification. Maleic

anhydride, methanol, anhydrous toluene, o-dichlorobenzene, ethyl vinyl ether,

dimethylformamide, triethylamine, chlorobenzene and tetrahydrofuran were

obtained from Kanto Chemical, Tokyo, Japan, and were also used without

prior purification. Chloroform was also obtained from Kanto Chemical and

was dried by distillation onto pre-dried molecular sieves. The four initiators

G1, G2, HG1 and HG2 were purchased from Sigma-Aldrich, St Louis, MO,

USA, and were used as received. The monomer CyNDI (4) was synthesized

according to a modification of literature procedures.16

Techniques
1H- and 13C-NMR spectra were recorded on a JNM-LA400 spectrometer

(Nihon Denshi JEOL, Tokyo, Japan) at 400 and 125 MHz, respectively, in

deuterated chloroform (CDCl3) with tetramethylsilane as an internal standard.

High-resolution mass spectrometry was performed using a JEOL MStation JMS

700 (Nihon Denshi JEOL). Thermogravimetric analysis and DSC were

performed at a heating rate of 10 1C min�1 under a nitrogen atmosphere on

a SII-TG/DTA 6200 (Seiko Instruments Inc, Tokyo, Japan) and a SII-DSC 6220

(Seiko Instruments Inc), respectively, with the samples being encapsulated in

standard aluminum thermogravimetric analysis/DSC pans. To ensure a con-

sistent DSC measurement, each sample was run twice, with the second

measurement being quoted in this manuscript. SEC was employed to determine

the molecular weights of the samples. Measurements were performed using a

Shodex GPC K-804L (Showa Denko, Tokyo, Japan) column on a JASCO

LC2000 liquid chromatography system (JASCO Corporation, Tokyo, Japan)

with chloroform as the eluent. The system was calibrated against narrow

polydispersity index (PDI) Shodex SM-105 polystyrene standards. Positive-ion

MALDI–TOF measurements were performed on a Bruker Autoflex-III instru-

ment (Bruker AXS k.k, Kanagawa, Japan) equipped with a smart-ion beam

laser. Measurements were conducted in linear and reflector modes. The reflector

mode usually gave the best spectra. Samples were prepared in tetrahydrofuran

solution by mixing the matrix (20 mg ml�1), the polymer (20 mg ml�1) and

the salt (20 mg ml�1) in a ratio of 100:10:1. The matrix employed was dithranol

(1,8-dihydroxy-9(10H)-anthracenone), and sodium trifluoroacetate was used as

the salt. The procedure used was as described in the literature.20 RIs were

measured on a SPA-4000 instrument (Sairon Technology Inc, Tokyo, Japan)

using the prism-coupled method at 633, 1310 and 1550 nm. EA was performed

on a Yanako (New Science Inc, Kyoto, Japan) CHN corder MT-6.

Synthesis of exo-norbornene-5,6-dicarboxylic anhydride (2)
Endo/exo-norbornene-5,6-dicarboxylic anhydride (1) was synthesized accord-

ing to a modification of the literature procedure.10 To a solution of maleic

anhydride (188.2 g, 1.92 mol) in o-dichlorobenzene (200 ml) at 200 1C,

dicyclopentadiene (128.6 g, 0.97 mol) was added dropwise. The solution was

then heated at 250 1C for 1.5 h and subsequently allowed to cool to room

temperature. After the reaction, the material crystallized out of the

o-dichlorobenzene; the crystals were filtered off and the remaining

o-dichlorobenzene was discarded. The exo isomer was obtained by multiple

recrystallizations from mono-chlorobenzene in a yield of B50%.

Endo-norbornene-5,6-dicarboxylic anhydride (1): 1H-NMR (400 MHz,

CDCl3) d: 1.44 (d, J¼ 11 Hz, 2H), 1.67 (d, J¼ 11 Hz, 2H), 3.46 (s, 2H),

3.51 (s, 2H), 6.34 (s, 2H) p.p.m.

Exo-norbornene-5,6-dicarboxylic anhydride (2): 1H-NMR (400 MHz,

CDCl3) d: 1.57 (d, J¼ 11 Hz, 2H), 1.79 (d, J¼ 11 Hz, 2H), 3.00 (s, 2H),

3.58 (s, 2H), 6.32 (s, 2H) p.p.m.

Synthesis of N-cyclohexyl-amic acid (3)
Exo-norbornene-5,6-dicarboxylic anhydride (2) (100 g, 0.61 mol) was dissolved

in the minimum amount of anhydrous toluene (200 ml), and 60.85 g

(0.61 mol) of cyclohexylamine was added dropwise to the stirred solution of

exo-norbornene-5,6-dicarboxylic anhydride (2). The mixture was heated to

50 1C for 1 h. Precipitation occurred after 20 min. The precipitate was then

filtered, washed with an excess of toluene and dried to give N-cyclohexyl-amic

acid (3) in a yield of 72%. Because of its poor solubility, the white precipitate

was carried forward to the next step without characterization.

Synthesis of CyNDI (4)
The monomer CyNDI (4) was prepared according to literature procedures.3,16

N-Cyclohexyl-amic acid (3) (50 g, 189.87 mol) and triethylamine (28.78 g,

Scheme 1 Synthesis of poly(CyNDI)s (5a1-12, 5b1-6, 5c1-6 and 5d1-6) using the four characteristic initiators G1, G2, HG1 and HG2.
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284.42 mmol) were dissolved in dry dimethylformamide (300 ml). The mixture

was heated to 120 1C for 3 h. After the reaction, the crude CyNDI (4) was

obtained by precipitation into water and then filtration in vacuo. The white

solid was washed with an excess of deionized water and dried under vacuum at

60 1C for 5 h. This crude material was purified by multiple recrystallizations

from boiling methanol in a yield of 54%. CyNDI (4): 1H-NMR (400 MHz,

CDCl3) d: 6.23 (2H, m), 5.89 (1H, m), 3.20 (2H, s), 2.56 (2H, s), 2.01–2.16

(2H, m), 1.70–1.82 (2H, m), 1.38–1.64 (4H), 1.33–1.10 (4H, m) p.p.m. 13C-

NMR (125 MHz, CDCl3) d: 178.55, 138.17, 51.81, 47.62, 45.61, 42.76, 28.95,

26.01, 25.24 p.p.m. High-resolution mass spectrometry (Electron Ionization,

EI) calculated for C15H19NO2: m/z 245.1416; found: m/z 245.1416. EA:

calculated C: 73.44%, H: 7.81%, N: 5.71%; found C: 73.37%, H: 7.82%,

N: 5.67%.

Synthesis of poly(CyNDI)s (5a1-12, 5b1-6, 5c1-6 and 5d1-6)
This study involved the preparation of six polymers from each of the G2, HG1

and HG2 initiators (5b1-6, 5c1-6 and 5d1-6) with various [M]/[I] ratios that

ranged from 10 to 60 and 12 polymers from the G1 initiator with various

[M]/[I] ratios that ranged from 10 to 60 (5a1-6) and 100 to 600 (5a7-12). All

polymers were prepared under identical reaction conditions to allow a direct

comparison of the four initiators. A general procedure for the preparation of

polymers 5a1, 5b1, 5c1 and 5d1 follows.

The monomer CyNDI (4) (0.50 g, 2.04� 10�3 mol) was dissolved in

nitrogen-degassed anhydrous chloroform (10 ml) and stirred at room tem-

perature for 10 min. The initiator G1 (167.73 mg, 2.04� 10�4 mol), G2

(173.19 mg, 2.04� 10�4 mol), HG1 (122.52 mg, 2.04� 10�4 mol) or HG2

(127.83 mg, 2.04� 10�4 mol) was transferred to a separate flask under a

nitrogen atmosphere and was also dissolved in nitrogen-degassed anhydrous

chloroform (1.0 ml). After being thoroughly mixed using a vortex mixer, this

solution was quickly transferred via syringe to the monomer solution. The

mixture was stirred at room temperature for 1 h. The polymerization was

quenched by the addition of an excess of ethyl vinyl ether (4 ml) and then

allowed to stir at room temperature for an additional 30 min. The chloroform

and ethyl vinyl ether were then evaporated; the polymers were subsequently

dissolved in the minimum amount of chloroform and precipitated into stirred

methanol. The crude polymers were isolated by filtration in vacuo with the

residual ruthenium complex being removed by Soxhlet extraction in refluxing

methanol for 2 h. The polymers were then dried under vacuum for 12 h at

60 1C. The obtained yields were almost quantitative, with material loss mainly

occurring during the purification stages.

All polymers could be accurately assigned according to their expected

structures by 1H-NMR.16,21 Polymer 5a1: 1H-NMR (400 MHz, CDCl3) d:

7.40–7.18 (end group—Ph), 6.61–6.47 (end group—vinyl), 6.34–6.23 (end

group—vinyl), d: 5.73 (1.54H, m) trans, 5.49 (0.25H, m) cis, 3.88 (1H, m),

2.90 (2H, m), 2.64 (2H, m), 2.10 (2H, m), 1.90–1.40 (6H, s), 1.24 (4H,

s) p.p.m. Yield¼ 84%. Polymer 5b1: 1H-NMR (400 MHz, CDCl3) d: 5.74

(1.04H, m) trans, 5.49 (0.96H, m), 3.86 (1.00H, m), 3.46–2.54 (4H, m),

2.30–1.99 (2H, m), 1.89–1.45 (6H, m), 1.38–1.09 (4H, m) p.p.m. Yield¼ 92%.

EA: calculated C: 74.21%, H: 7.80%, N: 5.48%; found C: 72.58%, H: 7.67%, N:

5.61. Polymer 5c1: 1H-NMR (400 MHz, CDCl3) d: 5.73 (1.37H, m) trans, 5.49

(0.23H, m) cis, 3.88 (0.80H, m), 3.69 (0.20H, m), 3.25 (0.20H), 2.91 (1.62H),

2.64 (1.31H, m), 2.09 (2.31H, m), 1.94–1.71 (1.99H), 1.69–1.45 (3.30H),

1.38–1.08 (2.84H) p.p.m. Yield¼ 90%. Polymer 5d1: 1H-NMR (400 MHz,

CDCl3) d: 5.74 (1.04H, m) trans, 5.49 (0.96H, m), 3.86 (1.00H, m), 3.46–2.54

(3.85H, m), 2.30–1.99 (3.17H, m), 1.89–1.45 (7.52H, m), 1.38–1.09 (3.59H, m)

p.p.m. Yield¼ 90%.

RESULTS AND DISCUSSION

Our aim in this investigation was to elucidate which of the four
initiators enabled the most precise control of molecular weight under
our standard reaction conditions and to clarify the effect of the
initiator on the polymer microstructure. Consequently, the four
initiators G1, G2, HG1 and HG2 were selected because of their
differing ligands and reactivities.

The monomer CyNDI (4) was prepared according to a modifica-
tion of the literature procedures.3 The polymerization to yield
poly(CyNDI)s 5a1-12, 5b1-6, 5c1-6 and 5d1-6 was initiated using
G1, G2, HG1 or HG2 (Scheme 1). The Mn was controlled by a fine
manipulation of the [M]/[I] ratio. The target-calculated Mn in each
case was determined by multiplying the monomer molecular weight
(245) by the desired [M]/[I] ratio.22,23 Despite all polymerizations
being conducted under exactly the same reaction conditions
(monomer mass (500 mg), [M]/[I], concentration, temperature,
reaction time (60 min) and solvent, accurate control of the Mn was
only possible when G1 was used.

Well-controlled ring-opening metathesis polymerization has been
established to proceed via a living chain growth mechanism.17 The
mismatch in the reaction rates between the initiators G2, HG1
and HG2 and the CyNDI (4) monomer may have prevented
effective control in these cases. The poly(CyNDI)s for analysis in
this study are shown in the Scheme 1. All polymers were prepared by
the addition of various concentrations of initiator solution to a fixed
amount of monomer in solution. The general polymerization data
as well as the Mn and trans % for the polymers are summarized
in Table 1.

Table 1 The physical data for polymers 5a1-12, 5b1-6, 5c1-6 and

5d1-6 showing the calculated Mn, the experimental Mn, the PDI, the

Tg, the Td, the trans % and the % yield

Polymer

[M]/

[I] Initiator

Calculated

Mn MW

Measured

Mn MW PDI

Tg

(1C)

Td

(1C)

Trans

%

%

Yield

5a1 10 G1 2453 6700 1.28 178 407 87 84

5a2 20 G1 4906 9800 1.20 196 409 85 85

5a3 30 G1 7360 15600 1.26 203 399 85 84

5a4 40 G1 9813 18200 1.20 205 408 85 86

5a5 50 G1 12 266 22300 1.20 209 414 89 89

5a6 60 G1 14 719 26400 1.29 214 407 85 91

5a7 100 G1 24 532 41300 1.09 208 408 98 92

5a8 200 G1 49 064 75000 1.18 214 398 92 93

5a9 300 G1 73 596 109 000 1.11 216 418 92 91

5a10 400 G1 98 128 136 800 1.05 221 427 98 89

5a11 500 G1 122 660 161 700 1.08 220 418 90 76

5a12 600 G1 147 192 181 500 1.08 223 423 92 88

5b1 10 G2 2453 145 800 1.30 209 413 51 92

5b2 20 G2 4906 174 600 1.22 209 413 51 92

5b3 30 G2 7360 162 300 1.24 211 427 50 95

5b4 40 G2 9813 128 700 1.39 211 405 50 96

5b5 50 G2 12 266 226 000 1.07 211 415 51 95

5b6 60 G2 14 719 239 400 1.06 210 400 52 94

5c1 10 HG1 2453 55900 1.14 214 433 86 90

5c2 20 HG1 4906 71000 1.14 214 432 86 92

5c3 30 HG1 7360 64800 1.36 215 432 89 94

5c4 40 HG1 9813 79700 1.21 217 425 87 87

5c5 50 HG1 12 266 111 800 1.13 219 418 86 95

5c6 60 HG1 14 719 93200 1.18 224 419 85 94

5d1 10 HG2 2453 79500 1.19 209 430 51 90

5d2 20 HG2 4906 115 200 1.13 206 444 51 91

5d3 30 HG2 7360 139 300 1.10 207 447 51 92

5d4 40 HG2 9813 141 500 1.11 211 438 51 90

5d5 50 HG2 12 266 154 200 1.10 212 420 51 95

5d6 60 HG2 14 719 161 500 1.10 215 426 51 92

Abbreviations: [M]/[I], [monomer]/[initiator]; MW, molecular weight; PDI, polydispersity index;
Td, thermal decomposition temperature; Tg, glass transition temperature.
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Because the monomer ring strain and the activity of all four
initiators are high, we would expect such a result because of the nearly
complete monomer consumption.4 The EA results confirm
that the polymers were generally of very high purity, with little
initiator residue and environmental impurities. The carbon %
determined by EA was, on average, 72%, where B73% was
expected from the calculation (see Supplementary Information).
Figure 1 shows the 1H-NMR spectra for the four polymers 5a1,
5b1, 5c1 and 5d1.

These four 1H-NMR spectra were used to evaluate the trans–cis
content of the polymers. On the basis of 1H-NMR integration, the
polymerization by G1 (5a1-12) and HG1 (5c1-6) yielded trans-rich
polymers (85–98% trans). High-Mn polymers 5a7-12 exhibited an
elevated trans % compared with that of the low-Mn polymers
(Table 1). The polymers 5b1-6 and 5d1-6 produced using initiators
G2 and HG2 were expected to exhibit a much higher cis content than
those produced using initiators G1 and HG1 because of the larger
1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene ligand (H2IMes)
that the G2 and HG2 initiators incorporate.24 Consequently, the
G2 and HG2 initiators yielded polymers with an B50–52% trans
microstructure in the cases of polymers 5b1-6 and 5d1-6, respectively
(Table 1). If the polymer Mn is low, signals due to the vinyl and
phenyl end groups should be visible, although they are not visible in
some cases because of a higher Mn. In this case, the ratio of end-
group signals to polymer-main-chain signals is extremely small. In
cases where the Mn is low but no end-group signals are observed in
the 1H-NMR spectra, intramolecular backbiting may occur, resulting
in a cyclic polymer with no end group. As evident from Figure 1a, the
end groups are visible in this well-controlled case where G1 was used.

In the cases represented in Figures 1b–d, end-group signals are not
observed in the 1H-NMR spectra.

SEC was employed to determine the Mn. To elucidate the optimum
reaction conditions for the polymerizations, kinetic studies using the
four initiators were performed. Ideally, we sought to find a reaction
time that allowed all of the polymers, irrespective of their molecular
weight, to reach completion. A [M]/[I]¼ 60 was used as the bench-
mark. An aliquot (2 ml) was collected from the reaction vessel at 12-
min interval for 60 min. This aliquot was then quenched with ethyl
vinyl ether (2 ml), dried and analyzed by SEC. Figure 2a shows the
results of kinetic experiments for the polymerization of 500 mg of
CyNDI (4) in chloroform (10 ml) at room temperature using the four
initiators. When using G2, we observed that the polymer reached its
maximum Mn in o12 min. The final Mn after 60 min (279 300) was
much higher than that expected from calculation (14 719). In the case
of HG1, the propagation rate was much slower than that in the case
of G2, and the polymerization thus required almost 60 min to reach
the maximum final Mn; however, as was the case for G2, this final Mn

after 60 min (99 900) was much higher than that expected from
calculation (14 719). The HG2 initiator provided better control than
the G2 initiator, as indicated by the Mn in the case of the HG2
initiator being closer to the expected values; nonetheless, the achieved
polymer Mn was much higher (135 700) than the calculated value
(14 719) or even that of the polymers produced using G1 or HG1.
Finally, the kinetic profile for the polymer produced using G1 was
well controlled, with the maximum Mn being reached after 48 min.
The initial Mn rapidly increased from 0 to 12 min, reaching 13 149
with a much slower increase afterward. The final Mn after 60 min
(22 000) was similar to the target value of 14 719 and was much closer

N
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Hb

Hb

Hi

Hj

Hk

Hj

Hi
Hd

Hh Hg

Hf Hf
He He
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Ha Ha
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Figure 1 The 1H-NMR spectra of polymers (a) 5a1, (b) 5b1, (c) 5c1 and (d) 5d1. NMR, nuclear magnetic resonance. A full color version of this figure is
available at Polymer Journal online.
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to the target value than that of any polymer produced using any other
initiator. On the basis of these experiments, all of the polymerizations
performed using the four initiators G1, G2, HG1 and HG2 were
completed in approximately 1 h or less. Consequently, this reaction
time was kept constant for all subsequent polymerizations.

Figure 2b shows the experimental and calculated Mn obtained for
the well-controlled polymers 5a1-12, as analyzed by SEC. The G1
initiator yielded polymers (5a1-12) in a Mn range of 6700 to 181 500
(Table 1). All polymerizations (5a1-12) appeared to be well con-
trolled, with Poisson-like curves at low and high Mn values (see
Supplementary Information) and, consequently, very low PDIs
(1.05–1.28). The PDIs for the higher-Mn polymers 5a7-12 exhibited
the lowest values on average. When using G1, we observed that the
experimentally measured Mn values were close to the expected values
calculated by multiplying the monomer molecular weight and the
[M]/[I] ratio. However, all of the values were slightly higher than
expected, and this difference increased as the Mn increased, particu-
larly for polymers 5a7-12. By contrast, the results in Figure 2c indicate
that the polymers (5b1-6) were poorly controlled. All the experimen-
tally measured Mn values (128 700–239 400) are much higher than the
calculated values. However, an increase in the amount of initiator can
lower the Mn, as was the case for G1, but in a much less controlled
manner. When G2 was used, the PDIs became broader (1.06–1.39)
(Table 1) in some cases, and the viscosity of the reaction mixture was
noticeably higher, reflecting the higher-Mn materials produced. With
respect to the polymerization of the high-strain monomer CyNDI (4),
the use of G2 provided no advantage. In the cases of polymers (5c1-6)
produced by HG1 (Figure 2c), all of the experimentally measured Mn

values (55 900–111 800) were higher than the calculated values and
were much higher even than those produced using G1 (Figure 2b).
However, analysis of the PDIs (1.18–1.21) indicated that the poly-
merizations did not undergo intermolecular backbiting or other
termination reactions. Interestingly, in the case of the HG2 initiator,
all of the experimental Mn values (79 500–161 500) were higher than
calculated but lower than those of the polymer produced using G2
(Figure 2c). In the case of the polymers produced using HG2, the
PDIs were comparable to those of the polymers produced using G1
(1.09–1.10) (Table 1).

Our experimental results indicate that, to achieve well-controlled
poly(CyNDI)s at room temperature, G1 is the initiator of choice; it is
also the easiest to prepare chemically. A possible explanation for the
optimum performance of G1 may be its reduced activity compared
with those of the other three initiators.25 For a well-controlled
polymerization, the activity of the initiator and the level of ring
strain within the monomer must be well matched. The performance
of the various ruthenium-benzylidene initiators has been fine-tuned

Figure 2 (a) The kinetic data obtained using initiators G1 (dark blue), G2

(light blue), HG1 (purple) and HG2 (green) at a [monomer]/[initiator] ratio

of 60. (b) The experimental Mn of polymers 5a1-12 (blue) produced from

initiator G1 plotted against the values expected from calculations (red).
(c) The experimental Mn of polymers 5b1-6 (green), 5c1-6 (purple) and

5d1-6 (black) produced from initiators G2, HG1 and HG2 plotted against

the values expected from calculations. A full color version of this figure is

available at Polymer Journal online.

Figure 3 The measured glass transition temperature (Tg) values of polymers

5a1-12 plotted against 1/Mn determined by size-exclusion chromatography.
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by modifying or changing the phosphine ligands. This modification
has both electronic as well as steric effects. In the case of G2 and HG2,
the N-heterocyclic carbene ligand gives an enhanced activity over G1
and HG1, as well as greater stability to air, moisture and temperature.
Hence, in many cases, they are too active for well-controlled living
ring-opening metathesis polymerization.25 We observed no
experimental advantages for using the HG1 and HG2 initiators in
the polymerization of CyNDI (4). G2 was the worst-performing
initiator. For a polymerization to be ‘living,’ chain-transfer and chain-
termination steps must be absent. Such steps can lead to broadening
of the molecular weight distribution.25 However, in most cases, the
PDIs of the polymers produced using all four initiators were relatively
narrow (o1.5). These narrow PDIs may be due to the short reaction
time (60 min) of the experiments as well as the low temperature
(25 1C) minimizing such occurrences. Because the ring strain of the
monomer is high, we expect the initiation rate for all catalysts to be
fairly rapid. Propagation rates should also be fairly rapid, provided
the Mn and the solution viscosity are low.

For the applications of poly(NDI)s discussed in the introduction, a
high Tg and Td are a practical requirement. Therefore, the Tg and Td

values of the polymers were measured and evaluated. The G1
produced polymers (5a1-12) that were precisely controlled; therefore,

as the Mn increased from 6700 to 181 500, the Tg also increased from
178 to 223 1C, as shown in Figure 3. The increase reached a plateau at
26 800, with the gradient being much steeper from 6700 to 9800. By
contrast, because of the limited control and generally much higher Mn

of all the polymers produced by the other three initiators, G2 (2b1-6),
HG1 (2c1-6) and HG2 (2d1-6), the Tg values remained relatively
constant at 209–211 1C for G2 and 206–215 1C for HG2 (Table 1).
The Tg values were also nearly constant but always slightly higher in
the case of HG1, at 214–224 1C (Figure 3). Our results indicate that Tg

control is only possible through the use of the G1 initiator. In the case
of polymers 5a1-12, as expected, the Td increased slightly as the Mn is
increased (Table 1) from 407 to 427 1C. The Td values of the polymers
produced by the G2, HG1 and HG2 initiators vary with the Mn of
the polymers, 5b1-6 (400–427 1C), 5c1-6 (418–433 1C) and 5d1-6
(420–447 1C) (Table 1).

MALDI–TOF MS was used to determine the polymer end groups
and to determine the degree of cyclization. If the polymers were to
undergo cyclization, the position of the peaks in the MALDI–TOF
would vary by 104m/z, which is the mass of the combined vinyl and
phenyl end groups. MALDI–TOF MS was also used to determine the
absolute molecular weight of one sample polymer. Polymer 5a1, being
of low Mn (6700) and narrow PDI (1.28), is an ideal candidate for
MALDI–TOF MS analysis. The spectrum of polymer 5a1 was
obtained according to the literature procedure.20 The resulting
spectra and expansion can be observed in Figure 4. The complete
spectrum in Figure 4a shows that the absolute polymer molecular

Figure 4 (a) The matrix-assisted laser desorption ionization–time-of-flight

mass spectrometry spectrum obtained for polymer 5a1 using dithranol and

sodium trifluoroacetate in tetrahydrofuran. (b) The expanded spectrum from

2000 to 3400m/z. A full color version of this figure is available at Polymer

Journal online.

Table 2 Analysis results of the obtained MALDI–TOF MS of

polymer 5a1

Repeat units (n) Mn (including end group and sodium) MALDI result Error

8 2089 2086 �3

9 2334 2332 �2

10 2579 2577 �2

11 2825 2823 �2

12 3070 3068 �2

13 3315 3314 �1

Abbreviation: MALDI–TOF MS, matrix-assisted laser desorption ionization–time-of-flight mass
spectrometry.

Figure 5 The refractive indices of polymers 5a1-6, 5b1-6, 5c1-6 and

5d1-6 measured at 633 nm vs the polymers’ molecular weights (Mn). A full

color version of this figure is available at Polymer Journal online.
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weight is B3500 on the basis of the peak of the distribution. This
molecular weight is very similar to the calculated value (2453) and is
lower than that measured by SEC (6700). The expansion in Figure 4b
reveals that only one set of peaks is present, thereby confirming the
absence of cyclic polymers produced by the G1 initiator.

As evident from the results in Table 2, the expansion of the MS was
analyzed from n¼ 8 to 13. A relatively close match was observed
between the expected Mn values (including end groups and sodium
ion) and those measured by the instrument. For example, in the case
of entry with 10 repeat units, the calculation is as follows: monomer
MW� repeat unitsþ end groupsþ sodium ion (245.1416� 10)
þ 90.0470þ 14.0157þ 22.9898. Any difference between these two
values is attributed to calibration of the instrument.

With a view toward their practical applications, the RIs of films of
polymers 5a1-6, 5b1-6, 5c1-6 and 5d1-6 were measured. The
polymers were dissolved in chloroform, spin coated onto a clean
glass slide and dried before the measurements. The RIs were measured
using the prism-coupled method at 633, 1310 and 1550 nm (see
Supplementary Information for complete data). Figure 5 shows the
RIs of the polymers 5a1-6, 5b1-6, 5c1-6 and 5d1-6 measured at
633 nm. As evident in the figure, the RIs could not be controlled for
polymers produced using the G2 (5b1-6), HG1 (5c1-6) and HG2
(5d1-6) initiators because their Mn could not be controlled. However,
for the well-controlled polymers 5a1-6 prepared using G1, the RIs
decreased in a range of 1.539 to 1.534 at 633 nm as the polymer Mn

increased from 6700 to 26 400. This change represents a decrease
of 0.005.

The change in RI (dn/dc) as a function of polymer molecular
weight is a key relationship for the determination of the Mn of
polymers in dilute solutions. The molecular weight of a given
polymer, as determined by light scattering, depends on the square
of dn/dc; even a slight variation in dn/dc therefore results in a large
error in the value of Mn.26 However, when the polymer is examined in
solid-state-film form, the intermolecular interactions and packing
efficiency become important. As the molecular weight of the polymers
decreases, the intermolecular interactions and packing efficiency may
lead to an increased packing density of the chains in a given area, as is
described by the Lorenz–Lorentz relationship.27 Therefore, because
only G1 allows precise control of the molecular weight, when the
molecular weight is increased for this series, the RI decreases in a
linear and well-controlled manner.

CONCLUSIONS

In this investigation, we evaluated the effects of four well-utilized
Grubbs initiators with differing ligands on the stereochemistry and
reaction rate of the ring-opening metathesis polymerization of CyNDI
monomers. These initiators were the Grubbs 1, Grubbs 2, HG1 and
HG2 initiators. We utilized the monomer CyNDI as a benchmark for
this investigation. Of these four initiators, only Grubbs 1 was able to
precisely control the polymer molecular weight. By contrast, poly-
merizations initiated by the HG1, Grubbs 2 and HG2 initiators could
not be easily controlled and resulted in polymers with experimental
molecular weights much higher than the calculated values. Both the
Grubbs 1 and HG1 initiators yielded polymers with a trans % of
85–98%, whereas the Grubbs 2 and HG2 initiators gave polymers
with a trans % of 50–52%. By manipulating the [M]/[I] ratio,
we demonstrated that the order of molecular weight control for the
four initiators was Grubbs 14HG14HG24Grubbs 2. We also
demonstrated that the RIs are not controllable for polymers produced
using the Grubbs 2, HG1 and HG2 initiators because the Mn

of the resulting polymers cannot be controlled. In the case of the

Grubbs 1 initiator, the polymers exhibited a decrease in RI with
increasing Mn.
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