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Abstract

Ring opening metathesis polymerization (ROMP) is widely considered an excellent 

living polymerization technique that proceeds rapidly under ambient conditions and is 

highly functional group tolerant when performed in organic solvents. However, achieving 

the same level of success in aqueous media has proved to be challenging, often 

requiring an organic co-solvent or a very low pH to obtain fast initiation and high 

monomer conversion. The ability to efficiently conduct ROMP under neutral pH aqueous 

conditions would mark an important step towards utilizing aqueous ROMP with acid-

sensitive functional groups or within a biological setting. Herein we describe our efforts 

to optimize ROMP in an aqueous environment under neutral pH conditions. Specifically, 

we found that the presence of excess chloride in solution as well relatively small 

changes in pH near physiological conditions have a profound effect on molecular weight 

control, polymerization rate and overall monomer conversion. Additionally, we have 
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applied our optimized conditions to polymerize a broad scope of water-soluble 

monomers and used this methodology to produce nanostructures via ring opening 

metathesis polymerization induced self-assembly (ROMPISA) under neutral pH 

aqueous conditions.

Introduction

The development of ring opening metathesis polymerization (ROMP) under aqueous 

conditions is an attractive endeavor for several diverse fields. From the perspective of 

green chemistry, eliminating organic solvents improves the sustainability and 

environmental impact of ROMP.  Furthermore, metathesis is a bioorthogonal 

transformation that could be exploited for novel biological applications.1–4 Indeed, cross 

metathesis (CM) and ring closing metathesis (RCM) have been investigated extensively 

within this context.2,5–14 However, utilizing ROMP within a biological setting remains 

underdeveloped.15

ROMP in neat water presents unique challenges when compared to polymerization in 

organic solvents. Early work by Grubbs, studying a water-soluble variant of the Grubbs 

1st generation catalyst (G1), observed rapid catalyst decomposition and deactivation 

which was caused by the presence of hydroxide ions in solution.16–19 They 

demonstrated that lowering the solution pH is a successful strategy to minimize the 

hydroxide concentration and maintain an active catalyst, allowing polymerization to 

occur rapidly and in a living manner (Scheme 1A). They surmised this was due to 

degradation of the ruthenium catalyst in which the chloride ligands are displaced by 

water or hydroxide anions in solution.16–18  Later examples using water-soluble Grubbs 

2nd and 3rd generation (G2 and G3)19–22 as well as Hoveyda-Grubbs 2nd generation 
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(HG2) type catalysts13,23–25 also demonstrated the importance of having low pH for 

ROMP to proceed efficiently, with pH values ranging from pH 1.5 – 4. Recent work from 

O’Reilly et al 26–29 has harnessed this strategy to synthesize polynorbornene based 

nanostructures in water via ROMP induced self-assembly (ROMPISA). While significant 

advances have been made to conduct ROMP under aqueous conditions, the low pH 

generally required for polymerizations to occur could be detrimental to acid sensitive 

monomers or to relevant biologics such as peptides, proteins and cells. 

Our research seeks to synthesize cell- and protein-polymer conjugates via a ROMP 

graft-from approach for novel therapeutic biologics.15,30 However, in order for ROMP to 

take place in the presence of relevant biologics such as cells and proteins, an improved 

methodology for ROMP at physiological conditions (i.e. neutral pH, room temperature 

and no organic co-solvents) must be realized.  These conditions must achieve high 

monomer conversion, allow a broad monomer scope and maintain an active ruthenium 

chain-end for block copolymer synthesis. 

To this end, we were inspired by the work of Matsuo and coworkers who demonstrated 

that the addition of a chloride source was vital to maintain the activity of a water soluble 

HG2 catalyst for RCM in water near neutral pH (Scheme 1B).31 They proposed that 

excess chloride in solution shifts the equilibrium towards the active dichloro catalyst and 

away from a deactivated catalyst species in which a chloride ligand has been displaced 

by water or hydroxide anion. Indeed, previous work from Grubbs also hinted at the role 

of added chloride in solution for shifting the equilibrium away from solvolysis of chloride 

ligand on a water soluble Grubbs 1st generation catalyst.18 
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We hypothesized that the knowledge gained by Matsuo and Grubbs could be applied 

toward the optimization of ROMP under neutral aqueous conditions. Herein, we explore 

how variables such as chloride concentration and pH can be optimized to enhance the 

efficiency of ROMP in an aqueous environment (Scheme 1C).  

Scheme 1. Previous work exploring pH and chloride concentration effects on 

metathesis in water (A, B) and the work described in this manuscript (C). Structure of 

water-soluble Hoveyda-Grubbs type catalyst used in this study (AquaMet, Right). 

Results and Discussion

Polymerization Optimization. We chose to use a commercially available, water 

soluble HG2 catalyst (AquaMet) as it obviates the need for difficult catalyst synthesis32 

and is well-defined for precise catalyst loading.15,19,33 Furthermore, it has been 
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successfully used for ROMPISA in neat water by the Gianneschi group.34 To form a 

baseline comparison to previous work, monomer NB-PEG (0.1 M) was polymerized in 

non-degassed deionized water for 1 hour and reached 80% conversion (Table 1, entry 

1, Figure S10) with a Mn of 37.8 kDa (targeted Mn = 24.7 kDa) and Ɖ = 1.49. While the 

molecular weight control and polymer dispersity differ considerably from that obtained 

by Gianneschi in pure water, we note that factors such as the variable pH of neat water 

and monomer concentration can play a significant role in polymerization initiation and 

propagation under aqueous conditions, highlighting the need for a better understanding 

of optimal conditions to perform ROMP in aqueous media.17,35 

Table 1. ROMP of monomer NB-PEG in buffered water with varying [Cl-]

Aqueous Media
N OO

O
Me

7

x O

Ru

O
Cl

NN

N

N

Cl

Cl

AquaMet
N

O

O

O
Me

7

NB-PEG

Entrya,b Aqueous Media [salt] pH % Conversionf Mn (kDa)c,d Ɖ

1 diH2O 0 mM 4.6 80 37.8 1.49

2 50 mM K+ P.B. 0 mM 7.4 36 7.4e 1.41

3 50 mM K+ P.B. 10 mM MgCl2 7.4 50 12.6 1.69

4 50 mM K+ P.B. 50 mM MgCl2 7.4 90 27.5 1.82
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5 50 mM K+ P.B. 10 mM NaCl 7.4 32 9.5 1.74

6 50 mM K+ P.B. 50 mM NaCl 7.4 76 19.7 1.71

7 50 mM K+ P.B. 100 mM NaCl 7.4 93 26.8 1.86

8 10 mM K+ P.B. 50 mM NaCl 7.4 77 28.2 1.89

9 50 mM K+ P.B. 100 mM NaCl 6.5 >99 40.0 1.87

10 50 mM K+ P.B. 100 mM NaCl 8.0 16 7.5 2.66

11 50 mM MOPS 0 mM 7.4 28 5.4e 1.66

12 50 mM MOPS 50 mM MgCl2 7.4 93 22.8 1.82

13 50 mM HEPES 0 mM 7.4 30 5.7e 1.70

14 50 mM HEPES 50 mM MgCl2 7.4 89 25.8 1.89

a Polymerizations were conducted at room temperature open to air for one hour. b [NB-

PEG] = 0.1 M, [AquaMet] : [NB-PEG] = 1 : 50. c The molecular weights of polymers 

were determined by SEC-GPC in THF using polystyrene standards. d Targeted Mn = 

24.7 kDa. e A bimodal polymer distribution observed by SEC-GPC. The Mn for the 

highest intensity refractive index peak is reported. f % conversion was determined by 1H 

NMR spectroscopy comparing the relative integrations of polymer olefinic peaks and 

total olefin from monomer and polymer.

In an effort to maintain pH values relevant to physiological conditions, polymerizations 

were conducted in buffered aqueous media in which the pH and chloride concentration 

were carefully controlled. In 50 mM potassium phosphate buffer (K+ P.B.) at pH 7.4 with 

no added chloride (Table 1, entry 2), only 36% monomer conversion was achieved. Gel 

permeation chromatography (GPC) displayed a bimodal polymer distribution (Figure 1) 
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which could be indicative of multiple catalytic species present in solution with different 

activities. Gratifyingly, with the addition of 100 mM NaCl (Table 1, entry 7) a single peak 

was observed by GPC (Figure 1) corresponding to 93% monomer conversion and an 

experimental Mn 26.8 kDa, which is very close to the targeted molecular weight of Mn 

24.7 kDa.
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Figure 1. SEC-GPC trace of poly(NB-PEG) polymerized in 50 mM K+ P.B., pH 7.4 with 

and without the addition of 100 mM NaCl.

 Information from Figure 1 clearly demonstrates that the addition of chloride improves 

the efficiency of ROMP in water at physiologically relevant pH. We then began to probe 

the role that varying concentrations of chloride played on monomer conversion at 

neutral pH. With the addition of chloride via either MgCl2 (Table 1, entry 3 – 4) or NaCl 

(Table 1, entry 5 – 10, Figure S11 – S13), we observed a chloride concentration 

dependent increase in monomer conversion. Importantly, we note that the chloride 

source is irrelevant as long as the pH is carefully controlled. This is particularly 
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important in the case of MgCl2. We observed a significant decrease in buffer pH when a 

concentrated MgCl2 stock solution is added, which would manifest as higher catalytic 

activity. 

When the pH is controlled, monomer conversion appears to be solely dependent on 

overall chloride concentration. A 100 mM chloride concentration provided the highest 

monomer conversion with an experimental Mn very close to the targeted molecular 

weight (Mn 24.7 kDa; [AquaMet] : [NB-PEG] = 1 : 50) (Table 1, entries 4 and 7), 

indicating this methodology provides good molecular weight control. Unfortunately, 

higher chloride concentrations caused the catalyst to precipitate out of solution. While 

lowering the buffer concentration does not appear to affect the overall monomer 

conversion, surprisingly a loss of molecular weight control was observed (Table 1, entry 

8). However, common buffers used for biological systems such as MOPS and HEPES 

did not have any appreciable effect on monomer conversion or molecular weight control 

at a given concentration and pH (Table 1, entry 11 – 14, Figure S16 – S19). 

The pH of the aqueous solution plays a crucial role in monomer conversion, as 

expected (Figure S3). Good monomer conversion (93%) can be achieved at pH 7.4 

(Table 1 entry 7). While decreasing to pH 6.5 leads to near quantitative monomer 

conversion (Table 1, entry 9, Figure S14), interestingly, this came at the expense of 

molecular weight control. However, a significant drop in monomer conversion to 16% 

occurred at pH 8.0 (Table 1, entry 10, Figure S15). This corroborates literature reports 

that a high hydroxide concentration can cause catalyst decomposition and 
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deactivation.16,31 Collectively, these results demonstrate that relatively small changes in 

pH can lead to dramatically different polymerization outcomes.

Across all conditions tested, a relatively high polymer dispersity was observed. In fact, 

polymer dispersity appears to increase as the chloride concentration and conversion 

increases. The broad polymer dispersity is likely due to the gradual decomposition of 

the propagating catalytic species on the polymer chain end, which is prolonged by 

increasing chloride concentration. This leads to a mixture of polymer chain ends with 

catalytically active species capable of propagation and chain extension and polymer 

chain ends that propagate more slowly or have prematurely terminated altogether. A 

broad polymer dispersity is commonly observed in the literature for ROMP in an 

aqueous environment, even under acidic conditions.17,20,21,26,36 

Catalyst Decomposition Studies. We believed the differences observed in monomer 

conversion under different conditions were likely due to the stability of AquaMet under 

those conditions. Therefore, the effects of pH and chloride concentration on catalyst 

AquaMet were monitored by UV-vis spectroscopy. In the presence of 100 mM NaCl, a 

peak at 376 nm, which is characteristic of the HG2 complex,31,37,38 showed a slow 

decrease in intensity (Figure 2B). In the absence of NaCl (Figure 2A), a peak at ~360 

nm, rapidly decreases over the course of 100 minutes. This shift in λmax has been 

attributed to the partial dissociation of chloride from the metal center.31 The generation 

of a new peak at ~260 nm suggests other ruthenium complexes are also being 

generated in solution.

The rates of catalyst decomposition were compared as a function of pH and chloride 

concentration. Figure 2C clearly shows the effect of pH on maintaining catalyst fidelity. 
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Across all pH values, the peak at 376 nm decreases over time. However, at pH 6.5 

catalyst decomposition is much slower than at pH 7.4 which is subsequently slower than 

decomposition of AquaMet at pH 8.0. Salt concentration also has a profound effect on 

catalyst stability, with the rate of catalyst decomposition decreasing with increasing salt 

concentration up to 100 mM NaCl (Figure 2D). Collectively, this data is in good 

agreement with the parameters observed for efficient monomer conversion seen in 

Table 1. However, decomposition of AquaMet appears to occur across all pH values 

and chloride concentrations studied. Therefore, when the catalyst is attached to the end 

of a polymer chain, gradual decomposition of the propagating ruthenium complex likely 

leads to the observed broad polymer dispersity. 

Page 10 of 22Polymer Chemistry



Figure 2. UV-vis of AquaMet (100 µM) in 50 mM K+ P.B., pH 7.4 A) without NaCl and 

B) with 100 mM NaCl. Arrows indicate the depletion of the peak at 376 nm which is 

diagnostic of HG2 catalyst. C) The decomposition of catalyst in 50 mM K+ P.B, 50 mM 

NaCl was followed as a function of pH (pH 6.5, 7.4 and 8.0). D) The decomposition of 

catalyst in 50 mM K+ P.B, pH 6.5 was followed as a function of NaCl concentration (0, 

20, 50 and 100 mM NaCl).

Effects on Polymerization Rate. Next, we looked at how factors such as pH and 

chloride concentration affected the polymerization rate. Monomer NB-PEG was 

polymerized in buffered D2O at various pH and salt concentrations (Figure 3).  

Interestingly, pH and chloride concentration produce different outcomes with regards to 

monomer conversion. In the case of changing pH in the presence of 100 mM NaCl, 

polymerization rate increases as the pH decreases, as expected (Figure 3A). Overall 

conversion did not seem to be significantly affected in the case of pH 6.5 and pH 7.4. 

However, conducting the polymerization in media at pH 8.0 caused a dramatic decline 

in both the polymerization rate and overall monomer conversion.  This seems to indicate 

a critical hydroxide concentration exists in which complete deactivation of the chain-end 

ruthenium complex will occur at the onset of polymerization.

Changing the chloride concentration in the media seems to affect not only the rate of 

polymerization but also has a significant effect on overall monomer conversion (Figure 

3B). For example, in buffered D2O at pH 7.4 and in the presence of 100 mM NaCl, 

monomer conversion plateaus at approximately 90% conversion, whereas at 50 mM 

NaCl and 20 mM NaCl, monomer conversion plateaus at approximately 70% and 45% 
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respectively. In the absence of NaCl, negligible levels of polymerization are observed 

under these conditions. 

Figure 3. A) Conversion of NB-PEG in 50 mM K+ P.B. in D2O and 100 mM NaCl at 

different pH. B) Conversion of NB-PEG in 50 mM K+ P.B, pH 7.4 and various NaCl 

concentrations. For all polymerizations, [AquaMet] : [NB-PEG] = 1 : 50.

Collectively, our data and previous work from the literature suggests that during ROMP 

in an aqueous environment each propagating polymer chain contains one of several 

possible ruthenium complexes with varying levels of catalytic activity which ultimately 

affects the rate of polymerization and overall monomer conversion (Scheme 2).18,31 

Furthermore, these chain-end complexes can further decompose over the course of 

polymerization, leading to polymer chain ends with premature termination and a broad 

molecular weight distribution.  Recent work by Fogg and colleagues have demonstrated 

that HG2 complexes, in which the chloride ligands are displaced by hydroxide anions 

(HG2-OH), still display some catalytic activity, albeit minimal.39 These HG2-OH 

complexes will then further decompose into metathesis incompetent complexes. It is a 

reasonable assumption that these ruthenium decomposition products also form on the 

ruthenium metal center of the propagating polymer chain. 
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Scheme 2. Proposed effects of excess chloride on ROMP in an aqueous environment 

at neutral pH. Increasing the concentration of chloride anions maintains the catalyst for 

a longer time in the active dichloro species, whereby a reduction in chloride ions leads 

to a more rapid decomposition into mono- and dihydroxyl species that decrease activity. 

However, the presence of excess chloride in solution appears to have a significant 

effect on not only the decomposition of these complexes but also the initial distribution. 

The bimodal distribution in the GPC trace for polymerizations in which no excess 

chloride is present (Figure 1) suggests the catalyst immediately begins to decompose 

prior to polymer initiation and propagation. Conducting the polymerization in the 

presence of excess chloride appears to shift the distribution of ruthenium complexes 

towards the most active complex, presumably the dichloro complex. Additionally, 
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excess chloride delays catalyst decomposition to the deactivated complex, preventing 

premature termination of monomer consumption.

 We can conclude, however, that the most active form of the catalyst exists on the 

polymer chain end for a relatively short period of time at neutral pH and at all chloride 

concentrations. This is evidenced by all polymerizations appearing to plateau after ~10 

minutes. This observation seems inconsistent with the data from Figure 2. AquaMet 

catalyst appeared to persist over the course of 100 minutes under neutral conditions 

and in the presence of NaCl. However, this discrepancy could be due to differences in 

stability of the ruthenium alkylidene on the propagating polymer chain versus the 

ruthenium benzylidene in the absence of monomer.

Monomer Scope. With the optimized conditions in hand, we next wanted to examine 

the scope of monomers that can be used for ROMP in physiologically relevant aqueous 

conditions (Table 2, Table S1). To that end, monomers based on norbornene (Table 2, 

entries 1 – 6) and oxanorbornene (Table 2, entries 7 – 12) scaffolds were tested. 

Monomers modified with a polyethylene glycol oligomer (NB-PEG and oNB-PEG), a 

sulfobetaine (NB-Sulfo and oNB-Sulfo) and a tertiary amine (NB-NMe2 and oNB-

NMe2) were compared for their conversion under optimized conditions.

A drop in conversion from 93% to 83% was observed when comparing the conversion 

of NB-PEG to NB-Sulfo at pH 7.4 (Table 2, entries 1 and 3). This could be due to 

sulfate groups on the monomer inhibiting olefin coordination and metathesis. 

Decreasing the pH to 6.5, increased conversion of both monomers to >99% (Table 2, 

entries 2 and 4). NB-NMe2 did not polymerize at either pH 7.5 or pH 6.5 (Table 2, 

entries 5 and 6). Previous work from Foster et al achieved full conversion of this 
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monomer at very low pH (pH 2) in which the tertiary amine is completely ionized.26 

Under our conditions, the lack of monomer conversion is likely due to coordination of 

the un-ionized tertiary amine on the monomer to the metal center, inhibiting olefin 

approach and catalyst turnover. However, we acknowledge that other amine-triggered 

decomposition pathways may also contribute to the observed catalyst deactivation.40  

Interestingly, oxanorbornene based monomers had a much lower conversion than their 

corresponding norbornene counterparts (Table 2, entries 7 – 12). Conceivably, this 

could be due to the coordination of the bridging oxygen atom on the oxanorbornene 

monomer inhibiting productive olefin coordination and metathesis while concomitant 

catalyst decomposition prevents significant monomer conversion.  While decreasing the 

pH to 6.5 improved conversion, quantitative conversion was not observed.

Table 2. Monomer scope for ROMP under physiological conditions
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50 mM K+ P.B., pH 7.4 (6.5)
100 mM NaCl

N

O

O

O
Me

7

X

N OO
R

x

X

N

O

O

R

monomer : N

O

O

N
S

O

O

O O

N

O

O

O
Me

7

O

N

O

O
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S

O

O

O

O

N

O

O

N

O

N

O

O

N

NB-PEG NB-Zwit

NB-NMe2

oNB-PEG oNB-Zwit

oNB-NMe2

Ru

O
Cl

NN

N

N

Cl

Cl

Entrya,b Monomer pH % Conversionc

1 NB-PEG 7.4 93

2 NB-PEG 6.5 >99

3 NB-Sulfo 7.4 83

4 NB-Sulfo 6.5 >99

5 NB-NMe2 7.4 0

6 NB-NMe2 7.4 0

7 oNB-PEG 7.4 35

8 oNB-PEG 6.5 64

9 oNB-Sulfo 7.4 10

10 oNB-Sulfo 6.5 22

11 oNB-NMe2 7.4 0

Page 16 of 22Polymer Chemistry



12 oNB-NMe2 6.5 0

a Polymerizations were conducted at room temperature open to air for one hour. b 

[monomer] = 0.1 M, [AquaMet] : [monomer] = 1 : 50. c % conversion was determined 

by 1H NMR spectroscopy comparing the relative integrations of polymer olefinic peaks 

and total olefin from monomer and polymer.

We next examined the extent to which monomers formed block copolymers using our 

methodology. Inspired by recent work from the Gianneschi and O’Reilly labs,26,28,34 we 

looked to utilize aqueous ROMPISA to generate nanostructures near physiological 

conditions. Based on our optimization experiments, we chose to use pH 6.5 as our 

reaction medium to ensure optimal fidelity of the ruthenium chain end and thus increase 

the efficiency for chain extension. NB-PEG was used as the corona-forming monomer 

and polymerized in 50 mM K+ P.B., pH 6.5, 100 mM NaCl for 25 minutes (Figure 4A). 

The polymer was then chain extended with NB-OMe as the core-forming monomer for 

an additional 60 minutes to synthesize the final block copolymer. While chain extension 

with NB-OMe increased the molecular weight from Mn 11.1 kDa to Mn 25.4 kDa, the 

GPC trace suggests inefficient reinitiation, consistent with decomposition of the 

ruthenium chain end (Figure 4B). Dynamic light scattering (DLS) measurements 

confirms that the resulting polymer solution contains nanostructures with a Dh of 105 nm 

(Figure 4C). Nanostructures can also be formed using NB-Sulfo as the corona-forming 

monomer, expanding the current scope of ROMPISA monomers (See Figure S1).
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Figure 4. A) Synthesis of p(NB-PEG_B_NB-OMe) in 50 mM K+ P.B., pH 6.5, 100 mM 

NaCl. B) GPC refractive index traces of 1st block: p(NB-PEG) and 2nd block p(NB-

PEG_b_NB-OMe) in THF. C) DLS of p(NB-PEG_b_NB-OMe) in PBS.

Conclusion

Herein, we have demonstrated optimized conditions for ROMP in water under 

physiologically relevant conditions. Crucially, the addition of NaCl up to 100 mM 

appears to enhance the persistence of the active dichloro ruthenium complex on the 

polymer chain end over the course of the polymerization. This is likely due to a shift in 

equilibrium away from HG2-OH complexes with little to no metathesis reactivity and 

towards the active dichloro species. Increasing the chloride concentration has a 

profound effect on the polymerization in an aqueous environment, providing excellent 
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monomer conversions and polymers with a well-controlled molecular weight. These 

results can be achieved near physiologically relevant pH whereas the previous literature 

for ROMP in an aqueous environment have required media at a very low pH. 

Additionally, we have shown this can be accomplished at room temperature and without 

the use of organic co-solvents.  We believe these findings will be especially useful for 

conducting ROMP in biological settings such as in the presence of proteins and cells 

which require the use of physiological buffers.
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