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Surface initiated polymerization (SIP) is a valuable tool in synthesizing functional polymer brushes, yet 
the kinetic understanding of SIP lags behind the development of its application. We apply quartz crystal 
microbalance (QCM) to address two issues that are not fully addressed yet play a central role in the 
rational design of functional polymer brushes, namely quantitative determination of the kinetics and 
the initiator efficiency (IE) of SIP. SIP are monitored online using QCM. Two quantitative frequency- 
thickness (f-T) relations make the direct determination and comparison of the rate of polymerization 
possible even for different monomers. Based on the bi-termination model, the kinetics of SIP is simply 
described by two variables, which are related to two polymerization constants, namely a = 1/(kp,s,app-  
[M][R⋅]0) and b = kt,s,app/(kp,s,app[M]). Factors that could alter the kinetics of SIP are studied, including (i) 
the molecular weight of monomers, (ii) the solvent used, (iii) the initial density of the initiator, (iv) the 
concentration of monomer, [M], and (v) the catalyst system (ratio among the ingredients, metal, ligands, 
and additives). The dynamic nature of IE is also described by these two variables, IE = a/(a + bt). Instead 
of the molecular weight and the polydispersity, we suggest that film thickness, the two kinetic pa-  
rameters (a and b), and the initial density of the initiator and IE be the parameters that characterize ultra- 
thin polymer brushes. Besides the kinetics study of SIP, the reported method has many other ap-  
plications, for example, in the fast screening of catalyst system for SIP and other polymerization sys-  
tems. 

surface initiated polymerization, quartz crystal microbalance, kinetics, controlled living radical polymerization 

1  Introduction 

Surface initiated polymerization (SIP) has made the 
preparation of ultra-thin polymer brushes a routine task, 
which now plays important roles in many fields of sci-
ence and technology[1―3]. For example, polymer brushes 
via SIP rendered stability to dispersed nano-particles and 
colloids[4―9], minimized nonspecific protein adsorption, 
improved biocompatibility[10―15], and acted as matrix for 
biosensors[16―18] and separation applications[19―22]. SIP 
also opened new ways for nano/micro-fabrication[23―28], 
altered fluid behavior in nano/micro-fluidic devices[29―31],  

and was found in other exotic applications[32―35]. While 
pioneering reports dated back to the early 1980s[36,37], 
the renaissance of SIP began in 1998[2,3,19,37―40]. With 
more than ten years development, the research focus of 
SIP has now switched from proof-of-concept type dem-
onstration of applications to finely tuning the structure 
of resulting films. This is because the performance of 
surface tethered polymer films depends heavily on the  
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structure[1,3], which makes the characterization a key 
issue. Furthermore, to realize rational design of func-
tional coatings, the understanding of the performance- 
structure relation is critical. 

Common surface characterization methods, such as 
XPS and TOF-SIMS, are useful in revealing surface 
chemistry for films prepared with both the “grafting to” 
and “grafting from” methods. The contact angle and the 
AFM measurements give surface energy and surface 
morphology (and other surface properties), respectively. 
Film thickness is another important physical index that 
characterizes surface coatings, which can be obtained by 
a number of methods such as AFM[41] and ellipsome-  
try[42,43]. In the “grafting to” method, the tethered poly-  
mer chains are approximately treated the same as those 
free polymers in the grafting solution, which are typi-
cally characterized by parameters such as molecular 
weight (Mn, the number averaged molecular weight and 
Mw, the weight averaged one), polydispersity, and the 
degree of polymerization. Thus, the thickness is directly 
correlated with Mn

[44]. By contrast, the “grafting from” 
method produces polymer chains on site without any 
references. There is no established method that can di-
rectly measure the Mn of surface tethered polymer films. 
Therefore, no correlation between film thickness and Mn 
is established. Jordan et al. first measured the swell ratio 
of polystyrene (PS) brushes (r = thickness in toluene/ 
thickness in collapsed state) and then applied the 
self-consistent mean field theory to calculate the polym-
erization degree[37]. However, a direct correlation (i.e., 
an experimental method) is not trivial, mainly due to 
technical difficulties. Two strategies are currently in use 
that can correlate the thickness with Mn, namely the 
cleavage method and the solution approximation method. 

In the cleavage method, one first synthesizes a thick 
polymer film on a large substrate, cleaves off polymer 
film from the substrate (by either HF or I2 treatments), 
and then collects them for Mn measurements by GPC or 
other traditional methods[38,45]. Kim et al. reported that a 
33.1 nm thick poly(methyl methacrylate) (PMMA) film 
had a Mn of 33100 g·mol−1[46]. However, Matyjaszewski 
et al. calculated that a 100 nm thick polymer brush on a 
1 cm2 silicon wafer can only produce 10 μg mass, which 
was barely enough for GPC[40].  

In the solution approximation method, sacrificial ini-
tiator is added to the polymerization solution so that po-
lymerization proceeds both in solution and from the  

surface. Ejaz et al. reported a linear relation between the 
thickness of brush and Mn of free polymer in solution: 
the slope was ~3.8 × 10−4 nm/(g·mol−1) for a glycopoly-
mer[47]. Matyjaszewski reported a slope of ~4 × 10−4 nm/ 
(g·mol−1) for polystyrene (PS)[40]. Shah reported a slope  
of ~10−3 nm/(g·mol−1) for PMMA[23], which agreed with 
Kim’s result from the cleavage method[46]. A number of 
other research groups also provided experimental evi-
dence that such approximation was consistent with the 
cleavage method[3,9]. Nevertheless, the difference in po-  
lymerization kinetics between a free space and a con-  
fined surface cannot be neglected. Jordan et al. argued 
that a curved surface might have different kinetics from 
a flat surface[37]. Moreover, while ellipsometry can eas-
ily measure films with a thickness down to the 1 nm 
level, polymers cleaved from such a thin film would be 
difficult to measure by GPC, and the size of substrate 
will be enormous. Therefore, there is a need to develop a 
third, independent method for the measurement of the 
molecular weight. 

We recently applied quartz crystal microbalance (QCM) 
to determine the area averaged mass and viscoelasticity 
of the surface tethered polymer films (dry)[48]. If the 
number of growing sites (i.e., the initiator efficiency, IE) 
is accurately determined, Mn is easily calculated, for the 
area averaged mass increases which is shown in QCM 
study. Unfortunately, the determination of IE is one of 
the challenges not fully addressed in the field of SIP 
even after 10 years of intense research. Most of the in-
formation about IE was estimated from the Mn meas-
urement and initiator density of a self-assembled 
monolayer (SAM, ~5.6 chain·nm−2). Jordan et al. calcu-
lated the IE of PS brushes to be ~6% (~0.3 chain·nm−2). 
Both Kim[46] and Shah[23] estimated the IE to be less 
than 10%, in agreement with the result by simulation 
that a high-density initiator layer does not ensure a dense 
polymer coating in the first place[40]. 

However, Huck and Baker found, under the same 
condition (i.e., from one batch), the thickness of PMMA 
brush increases as initiator density increases[49,50]. If the 
IE was less than 10%, the brush thickness on initial den-  
sity of initiator would not have such dependence. Baker 
et al. attributed this to the island formation of the initia-
tor/undecanthiol mixed SAMs[50]. This phenomenon was 
also monomer dependent because it was found that film 
thickness stopped increasing as the initiator density in-
creased for the monomer oligo(ethylene glycol) meth-  
acrylate (OEGMA)[43]. Thus, the value of IE may be 
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determined by multiple factors and may vary throughout 
the course of polymerization. This dynamic nature 
would be revealed if one follows the SIP process in real 
time (i.e., to study the kinetics of SIP), which is another 
long-standing problem in the field of SIP. 

Very few studies have tried to reveal the kinetics of 
SIP, mainly due to the lack of proper tools. This analyti-
cal challenge hinders further development of SIP[3]. 
NMR[9] and GPC[38,45] are two typical analytical tools 
for the kinetic studies of solution polymerization. 
Unfortunately, these methods are not applicable to SIP 
since all polymer chains are fixed on the surface in SIP. 
An alternative is to follow the kinetics of SIP offline, 
either by ellipsometry[50] or XPS[51]. Baker et al. deter-
mined the rate of polymerization (Rp) to be 1―10 nm·h−1 
from ellipsometry data[50]. Several groups applied 
QCM[41,52―54] and cantilever[55] to online monitor SIP. 
We proposed in a previous report[54] that the linear fre-
quency-thickness (f-T) relation could be applied to con-
vert frequency decrease to thickness increase. Further-
more, the rate of polymerization was obtained in terms 
of thickness increase: Rp = −dT/dt, where T is the thick-
ness of dry film and t is the time of polymerization. 
However, Rp, in terms of dT/dt, was not comparable 
among different monomers because the conversion fac-
tors (k1, slope for the f-T relation) were monomer de-
pendent. We reported herein a simple method for the 
direct determination of Rp in terms of the increase of 
area averaged monomer in number (10−12 mol·s−1·mm−2) 
for different monomers by QCM. We further developed 
a number of equations that enabled us to analyze other 
important factors that alter the kinetics of SIP such as 
the rate constants of polymerization and termination, as 
well as the initiator efficiency, which is the key to corre-
late Mn with film thickness. 

2  Experimental 

The initiator thiol (ω-mercaptoundecyl bromoisobutyrate) 
and QCM chips were received from HRBio (Beijing, 
China). Oligo(ethylene glycol) methacrylate (Mn = 526, 
475 and 300, i.e., OEGMA526, OEGMA475 and OEG-  
MA300) were purchased from Aldrich and used as re-
ceived. 

2.1  SIP in QCM 

For OEGMA526, the process was as follows: the QCM 
chip modified with initiator thiol was placed in a 

Q-Sense E4 sensor (Q-Sense, Gothenburg, Sweden); 
then the activator generated by electron transfer 
(AGET)[56] in SIP was applied to grow polymer brushes. 
Incomplete reaction mixture (IRM) was the mixture of 
deoxygenated MilliQ-water and methanol. Complete 
reaction mixture (CRM) was composed of OEGMA526 
(2 mL 4.2 mmol), CuCl2 (0.7 mL 0.028 mmol), bipyri-  
dine (Bipy) (25 mg, 0.16 mmol), and ascorbic acid 
(AscA) (5 mg 0.028 mmol), with a mole ratio of mono-  
mer/CuCl2/Bipy/AscA at 105/0.7/4/0.7 and a feed [CuCl2] 
of 1.93 mM, unless otherwise indicated. The IRM and 
the composition of the CRM for other systems were 
shown in Table 1. 

In a typical run of in situ SIP, the QCM was first 
primed with IRM till a stable baseline was established. 
Polymerization was initiated by pumping the CRM 
mixture to the sensor cell at a speed of 70 mL·h−1 for 
about 1 min, and then the speed was reduced to ~3 mL·h−1 
after the exchange of IRM with CRM was completed 
(indicated by color change, from colorless to red in the 
lumen of the fluid tube). SIP was continued for a speci-
fied time (less than 200 min) at ~25℃ and monitored 
by QCM in real time. The polymerization was termi-  
nated by replacement of CRM with IRM, and rinsed 
with IRM till a stable baseline was reached. Samples 
were finally taken out of the sensor cell and rinsed with 
ethanol, MilliQ-water, and dried with flowing nitrogen 
before ellipsometry measurement. 

After the 1st SIP, the polymer brushes of poly-  
(OEGMA526) were functionalized with bromoisobu-
tyryl bromide as the initiation moiety. Chips were im-
mersed in CH2Cl2 (70 mL) at 0℃, and Et3N (1.16 mL,  
7 mmol) was added dropwise. After the mixture was 
stirred for about 10 min, we then added BrCOC(CH3)2Br 
(0.88 mL, 7 mmol) dropwise into the mixture and stirred 
for another 30 min. The chips were then thoroughly 
rinsed with ethanol and MilliQ-water and dried with 
flowing nitrogen, followed by the 2nd SIP of OEG-  
MA526 and ellipsometry measurement. For the 2nd SIP, 
the process was the same as the 1st SIP. 

Experimental details for OEGMA300 and 475 could 
be found in early publications[48,54]. Briefly, AGET-SIP 
was applied to grow poly(OEGMA) brushes. IRM was 
deoxygenated and turned to MilliQ-water or the mixture 
of MilliQ-water and methanol. CRM was prepared by 
mixing well of two parts. Part 1 was prepared by adding 
a specified amount of CuCl2/Bipy and a fixed amount of 
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Table 1  List of the experimental conditions for the three tested monomers 

No. Monomer a) Solvent (H2O:MeOH) b) χI 
Sur c) M/CuⅡ/Asca/Bipy d) [M] (mol·L−1) e) 

1 300 1:0 1.00 175/1/0.7/4 0.54 

2 475 1:0 1.00 114/1/0.7/4 0.35 

3 475 1:0 0.42 114/1/0.7/4 0.35 

4 475 1:0 0.15 114/1/0.7/4 0.35 

5 526 1:1 1.00 105/0.7/0.7/4 0.33 

6 526 1:4 1.00 95/0.7/0.7/4 0.30 
a) OEGMA family, 300 stands for OEGMA300. b) The reaction mixture is a mixture of water and methanol in the volume ratio. c) The surface density 

of the initiator, determined by XPS measurement, see ref.[54] for details. d) M, Monomer, AscA, ascorbic acid, Bipy, bipyridine. e) The final concentration 
of monomer in the complete reaction mixture (CRM). 

monomer to 5 mL IRM. Part 2 was prepared by adding a 
specified amount of AscA to 5 mL IRM. The two parts 
were mixed together in a glove box resulting in CRM, 
and we varied the ratio of monomer/CuCl2/Bipy/AscA to 
investigate the influence of these factors on the polym-
erization process.  

2.2  Ellipsometry 

Film thickness was measured on an M-2000V spectro-
scopic ellipsometer (J. A. Woollam Co., Inc.) at angles 
of 65, 70 and 75° and wavelengths from 500 to 800 nm. 
Ellipsometric data were fitted for the thickness with ma-  
terial specific models in a vendor-supplied software, i.e., 
SAMs and poly(OEGMA) films with fixed (An, Bn) 
values of (1.45, 0.01) and (1.46, 0.01), respectively us-
ing a Cauchy layer model. The ellipsometric thickness 
for each sample was independently measured at six dif-
ferent locations and was reported as the average ± stan-
dard error. 

2.3  Mathematical analysis 

The moving window average method[51] is used to 
smooth the QCM curves, and then the curve of polym-
erization rate is obtained by applying a numerical dif-
ferential[57] to each smoothed curve.  

Statistical analyses were performed using a one-way 
analysis of variance (ANOVA) with Fisher’s least sig-
nificant difference PLSD post hoc test for multiple 
comparisons. P-values less than 0.05 were considered 
statistically significant. All calculations were performed 
using SPSS Software (Version 15.0; Chicago, IL). 

3  Results and discussion 
3.1  Experimental design 

The experimental design was evolved from previous 
reports[48,54]. Briefly, an initiator functionalized QCM 

chip was first measured for its absolute resonating fre-
quency in air (Scheme 1), which was automatically set 
to be the (0, 0) point. Second, IRM (incomplete reaction 
mixture) was introduced to the sensor chamber and the 
difference in frequency was read directly from the QCM 
curve. Third, the polymer brush was deposited via SIP in 
the QCM (i.e., online monitoring), resulting in Δf vi. The 
resulting film was then measured for its dry thickness 
(tf,dry) by ellipsometry. Finally, the now polymer coated 
QCM chip was measured for its absolute frequency, re-
sulting in Δf iii. Note that the frequency change (Δf ) was 
named to be consistent with previous reports[48,54]. In 
this report, however, only the Δf iii and Δf vi were applied 
to study the kinetics of SIP. 

 
Scheme 1  Experimental design: SIP of OEGMA was conducted in situ 

in QCM and two frequency changes, namely Δf iii and Δf vi, were the key 
to the kinetic analysis. IRM, Incomplete reaction mixture; CRM, complete 
reaction mixture. See experimental section for details. 

3.2  Empirical equations 

Three monomers of the OEGMA family, namely OEG-  
MA300, 475 and 526 were tested. The binary mixed 
self-assembled monolayers[58] of initiator (Ⅰ) and un-
decanethiol (UDT, a dilutent) on gold were applied to 



 

tune the initial density of initiator. Three initial densities 
of initiator (χI

Sur
 = MI/(MI+MU), M is the number of 

molecules) were tested, namely 1.00, 0.42, and 0.15, 
where the values of χI

Sur were determined by XPS[43,54,59]. 
The frequency decreases were plotted against dry film 
thickness (tf,dry), see Figure 1 for a representative plot for 
OEGMA526 (the reaction condition was listed in Table 1, 
No. 5) and see supplymentary materials Figure S1, S2 
and S3 for plots for OEGMA475 and OEGMA300. For 
films below the 40 nm dry thickness limit, the following 
empirical equations were identified: 
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→ΔΔ
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where n is the overtone number (n = 3, corresponding to 
a resonating frequency at 15 MHz); k2 and k4 were ex-  
perimentally determined values, the unit for k is Hz·nm−1. 

The k values of these linear f-T relations were listed in 
Table 2. In this study, the frequency change was a nega-
tive value for all the cases. For convenience, we applied 
−Δf for figures. The value of −ΔfIRM→CRM was the fre-
quency change due to solution exchange (i.e., from IRM 
to CRM in Scheme 1). It was a constant, i.e., ~143 Hz, 
~188 Hz, and ~237 Hz for OEGMA300 (see supple-
mentary materials Figure S4), OEGMA475, and OEG-  
MA526, respectively. For eq. (1), the fit was forced to 
pass the origin point (0, 0) because the frequency change 
was zero when there was no polymer deposition. For  
eq. (2), the fit generated an intersection, which was due 
to the solution exchange (i.e., −Δ fIRM→CRM). 

From a previous study[48], we had eq. (3):  

 3
2 5.6 10k ρ−= ×  (3), 

 
Figure 1 Linear relations between the frequency decreases and dry film 
thickness for poly(OEGMA526) under reaction condition No. 5 in Table 1. 
Representative f-t linear relations (n = 3) with slopes of k2 = 7.12 and k4 = 

12.78 for Δf iii and Δf vi, respectively (R2 ~ 0.99). The intersection for the 
blue line is 237 Hz. 

where ρ (kg m−3) is the density of dry polymer deposited 
onto the QCM chip. We noticed that the values of k2 
were ~7 Hz·nm−1 for all three tested monomers, indicat-
ing that these polymers shared a similar density at their 
dried, collapsed states. 

The values of k4 were dependent on multiple factors: 
(i) k4 was monomer dependent. Comparing OEGMA300 
and 475, the higher Mw led to a higher k4 value with all 
other conditions remaining the same (No.1 and No. 2 of 
Table 2); (ii) k4 was initial initiator density dependent 
(Here we emphasize the term “initial” because the poly-  
mer chain density is determined not only by the initial 
initiator density but also by the initiator efficiency. We 
will come back to this point later). For OEGMA475, the 
lower the initial initiator density is, the higher k4 value 
becomes; (iii) k4 was solvent dependent (i.e., viscoelas-
ticity dependent[48]). For OEGMA526, extra amount of 
methanol decreased the k4 value. Furthermore, it was 
expected that OEGMA475 and 526 shared a similar k4  

Table 2  List of k values and other calculated constants for the three tested monomers 

No. Monomer a) Solvent (H2O:MeOH) b) χI 
Sur c) k2

 d) k4 
e) r f) r′ g) 

1 300 1:0 1.00 6.96 11.57 0.60 0.36 

2 475 1:0 1.00 7.19 14.68 0.49 0.18 

3 475 1:0 0.42 6.65 16.88 0.39 0.15 

4 475 1:0 0.15 7.15 18.75 0.38 0.14 

5 526 1:1 1.00 7.12 12.78 0.56 0.19 

6 526 1:4 1.00 7.27 11.57 0.63 0.21 

a) OEGMA family, 300 stands for OEGMA300. b) The reaction mixture is a mixture of water and methanol in the volume ratio. c) The surface density 
of the initiator, determined by XPS measurement, see ref. [54] for details. d) Fitting results from eq. (1), in Hz nm−1. e) Fitting results from eq. (2), in Hz nm−1.  
f) r = k2/k4, see below for details of equation deduction. g) r′ = r/(5.6 × 109Mw), the unit is 10−12 mol·g−1, see eq. (8) for details. 
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because these two monomers had similar Mw if the sol-
vent was the same. However, the addition of methanol 
decreased the k4 value significantly for OEGMA526 
(Methanol was added because OEGMA526 did not dis-
solve well in water). These k2 and k4 values were applied 
to study the kinetics of SIP. 

3.3  Equations for Rp analysis (differential analysis) 

To compare Rp among different monomers, the follow-  
ing equations were deduced (see supplementary in-  
formation for details for electronic version). The area 
averaged mass of dry polymer deposited onto the QCM 
chip can be calculated according to eq. (4): 

 smass ,TρΔ =  (4) 

where the subscript s stands for surface confined, the 
unit for Δmasss is kg·m−2. Substituting eqs. (2) and (3) 
into (4), we had eq. (5): 

 

vi
,IRM CRM

s 3mass
5.6 10

nn ffr
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→
−

⎛ ⎞ΔΔ
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 (5), 

where r = k2/k4. Thus, we expressed the mass change in 
the term of Δfn

vi, which could be applied for the kinetic 
study of SIP. 

We further defined the rate of polymerization in terms 
of the increase of area averaged monomer in number as 
eq. (6). Substituting eq. (5) into (6), we had eq. (7): 

 

s
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M
R
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vi

p,s
d( / )

'
d
nf n

R r
t

Δ
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where Masss (g·mm−2) was the area averaged mass,  
Mw (g·mol−1) was the molecular weight of the tested 
monomer, t (s) was the polymerization time, r′ = r/(5.6 × 

109 Mw) was a molecular weight dependent constant, and 
Rp,s (10−12 mol·s−1·mm−2) was an area averaged, mono-
mer independent rate of polymerization. 

Figure 2 presented a typical QCM curve and the cor-  
responding Rp,s curve according to eq. (7). Detailed  
reaction condition was listed as No. 5 in Table 1 and the 
resulting film thickness was 19.2 nm. The exchange of 
IRM with CRM led to dramatic frequency decrease 
(Figure 2(a)). We previously demonstrated that the addi-
tion of monomer to IRM would eliminate the large fre-
quency decrease upon the exchange of IRM with 
CRM[56]. We did not add monomer to IRM because the  

 
Figure 2  QCM enabled the determination of the polymerization rate 
(Rp,s). (a) SIP was monitored online by QCM: a representative QCM curve 
(n = 3) for monomer OEGMA475 under No. 5 reaction condition in Table 
1. The final thickness was 19.2 nm. The red line indicated the time point, 
which was reset to zero for Rp,s analysis. (b) Differentiation of the QCM 
curve (according to eq. (7)) gave the value of Rp,s at each time point. 

fitting could remove the effect of solution exchange (see 
below). 

The red line in Figure 2(a) indicated where the time 
point was reset to zero for Rp,s analysis. After differen-
tiation according to eq. (7), the QCM curve was con-
verted to a Rp,s curve: the rate of polymerization was 
plotted against time (Figure 2(b)). The peak was due to 
the exchange of solution, which caused a ~200 Hz de-
crease within a few seconds, but the polymer deposition 
only led to a ~5 Hz decrease per second. Although the 
absolute value of Rp,s was useful, this dynamic nature of 
Rp,s values made the comparison among different runs of 
experiments difficult, which motivated us to further 
analyze this QCM curve based on the mechanism of free 
radical polymerization. 

3.4  Data analysis based on the free radical polym-  
erization mechanism (integral analysis) 

Eq. (7) was deduced without the knowledge of the po-  
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lymerization mechanism. It provided us the Rp,s value at 
each time point (Figure 2) but no insight information, 
for example, how the reaction condition (i.e., monomer, 
initiator density, solvent, and catalyst) affected the value 
of Rp,s. To obtain such information, the establishment of 
connection between eq. (7) and the polymerization 
mechanism would be first required. 

For hundreds of runs of SIP, we observed no radical 
transfer in solution because no polymer was formed in 
solution. To simplify, we assumed that the surface con-
fined polymerization was mechanistically the same as 
the solution polymerization was. Furthermore, we did 
not consider detailed mechanism of how the metal com-
plex catalyzed this radical polymerization: whether it is 
ATRP mechanism[60] or SET mechanism[61]. And we 
only considered radical combination as the source of 
radical loss. Thus, we have eqs. (8) and (9): 

  (8) p,s p,s,app[M][R ];R k= ⋅

 2
t,s,app

d[R ] [R ] ,
d

k
t
⋅
= − ⋅  (9) 

where Rp,s (10−12 mol·s−1·mm−2) is the rate of polymeri-
zation; kp,s,app (mm4·mol−1·s−1) and kt,s,app (M−1·s−1) are 
the apparent polymerization constant and termination 
constant, respectively; the subscript s represents surface 
confined, apprepresents apparent; [M] and [R⋅] are the 
concentration of monomer and radical, respectively. For 
the flow mode experiments and because of the ex-
tremely small amount of surface tethered initiators (6.5 × 

10−10 mol for a QCM chip, see supplemental information 
for details for electronic version), one could take the 
following parameters as constants: [M] and the catalyst 
complex ([CuⅡ] and [CuⅠ] with ligands). 

Note that the herein defined apparent polymerization 
constant kp,s,app (mm4·mol−1·s−1) and termination constant 
kt,s,app (M−1·s−1) are different from those traditional ones, 
i.e., kp (M−1·s−1) and kt (M−1·s−1). The difference between 
kp,s,app and kp is evident from their units: the difference is 
a thickness h (nm). For kt,s,app and kt, the difference is 
due to the fact that [R⋅] for SIP was surface confined 
radicals. Furthermore, QCM detected the surface confined 
and area averaged mass change (2 dimensional, m2), 
while the traditional methods detected the solution concen-  
tration change (3 dimensional volume, m3), see supple-  
mental information for details for electronic version. 

From eq. (9), we have eq. (10): 

 0

t,s,app 0

[R ]
[R ] .

1 [R ]k t
⋅

⋅ =
+ ⋅

 (10) 

This is similar to the equation described by Patten et 
al.[62] and Xiao et al.[63] (developed from the solution 
phase polymerization) except the fact that the apparent 
termination constant (kt,s,app) is for surface confined po-
lymerization. Substituting (10) to (8), we have eqs. (11), 
(12) and (13) for Rp,s: 

 p,s
1 ;R

a bt
=

+
 (11) 

 
p,s,app 0

1 ;
[ ][ ]

a
k M R

=
⋅
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 t,s,app

p,s,app[ ]
k

b
k M

=  (13) 

where a and b have the units of 1012 mm2·mol−1·s and 
1012 mm2·mol−1. Note that [M] is the monomer concen-
tration and assumed to be homogenous (that is no near 
surface/interface effect); [R⋅] is the effective concentra-
tion of radical, which cannot be measured directly. 

Integrating eq. (11), we have eq. (14) 

 s p,s0

1monomer d ln( b )
t
R t a t c

b
Δ = = +∫ +  (14) 

where Δmonomers (10−12 mol·mm−2) is the area aver-  
aged deposition, and c is the integral constant. 

Eq. (14) was applied to fit the QCM curve. Figure 3 
was a representative case for monomer OEGMA526, the 
detailed reaction condition was listed as No. 5 in Table 1. 
In Figure 3(a), the blue curve was the QCM curve. The 
red line indicated where the exchange of IRM with 
CRM was initiated, which was reset to be the (0,0) point 
for Figure 3(b). From eq. (5), we had eq. (15), which 
was monomer independent and applied to convert fre-
quency changes to deposited monomer changes (in 
mole·mm−2, the black curve in Figure 3(b)): 

 
vi

n,IRM CRMn
smonomer '

ffr
n n

→⎛ ⎞ΔΔ
Δ = − −⎜ ⎟⎜ ⎟

⎝ ⎠
 (15) 

Note that in Figure 3(b), we did not remove the fre-
quency change due to solution exchange (i.e., ΔfIRM→CRM), 
because it was included in the integral constant c in eq. 
(14) and could be removed subsequently. The red dots in 
Figure 3(b) were the fitted curve according to eq. (14). 
The fitted values of a, b, and c were listed as No. 3 in  
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Figure 3  Kinetic analysis of SIP. (a) A representative f-t curve for OEGMA526, with an initial initiator density at 1.00 and a resulting dry film thickness 
at 26.1 nm (No. 5 in Table 1 and No. 3 in Table 3). Enlarged is the turning point that was set to be the (0,0) point for further analysis. (b) Fitting of a con-
verted f-t curve according to eq. (14). (c) Error analysis indicated where to start fit and the point of diminishing of the interference due to the solution ex-
change (ΔfIRM→CRM, see supplemental Figure S5 for electronic version for further discussion). 

impact on the values of b), (iii) from eq. (14), at t = 0, 
there was no polymer deposition, and we had 
Δmonomers = 0. However, since we did not remove the 
ΔfIRM→CRM value from the QCM curve during the con-
version (eq. (15), from Figure 3(a) to 3(b)), we expected 

to have IRM CRM
ln' ar f c
b→Δ = +  as a constant, which 

was the case as listed in Table 3 (~35). Therefore, the 
fitted value c was a collection of many minor factors, 
such as the variation of ΔfIRM→CRM and operational 
variations (e.g., how the peristaltic pump was operated, 
see supplemental information for electronic version for 
details). From Table 3, the averaged value of ΔfIRM→CRM 
was ~183 Hz (convert factor was 0.19, from Table 2), 
which was close to  ~230 Hz changed determined in 
control experiments (i.e., ΔfIRM→CRM measured from a bare 
QCM chip), indicating the analysis method was valid.  

Table 3. It was practically difficult to completely sepa-
rate the frequency decreases caused by solution ex-
change and polymerization. At the very beginning, fre-
quency decrease due to solution exchange was dominant 
(~200 Hz decrease within a few seconds from solution 
exchange vs. ~5 Hz per second from polymerization). 
However, the duration of it was very short (see supple-  
mentary materials Figure S4 for electronic version), 
typically less than 30 s. The initiation of polymerization 
was instantaneous and the frequency decrease due to 
polymer deposition became dominant after ~30 s. This 
was also confirmed by the error analysis of the fitting 
(Figure 3(c)). 

The fitted values of b were almost the same for all 
four samples, which was in agreement with eq. (13) in 
which b was determined by two constants (kp,s,app and 
kt,s,app) and the monomer concentration, which was also 
constant throughout the course of polymerization. The 
values of a were found to vary substantially (up to 50%). 
From eq. (12), we proposed that this variation was due 
to the irreproducibility of the initiation step. Even 
though the initial concentration of initiator was the same 
for all four chips, the initial concentration of radical 
([R⋅]0) could be very different due to unknown reasons. 
Previous results had also indicated that SIP could vary 
substantially[54] even under the same condition. We will 
discuss this further in the conclusion part. 

The fitted values of a and b for other monomers and 
polymerization conditions can be found in supplemental 
information (see supplementary materials Table S1―S5 
for electronic version). The averaged values of a and b 
for each monomer were listed in Table 4. From eqs. (12) 
and (13), we had eqs. (16) and (17): 

 t,s,app

p,s,app
[M]

k
b

k
=  (16) 

The fitted values of c were not analyzed for three 
reasons: (i) we were unable to completely separate the 
frequency change due to solution exchange and polymer 
deposition, (ii) we were unable to precisely define the 
(0,0) point for the QCM curve (Figure 3(a)), which has 
significant impact on the c value fitting (but not much  

 t,s,app 0[R ]b k
a
= ⋅  (17) 

Eq. (16) gave the ratio between kt,s,app and kp,s,app and 
was independent of monomer concentration (useful for 
comparison between monomers). 

 



 

Table 3  The fitted values of a and b according to eq. (14) for OEGMA526 

No. a) Thickness (nm) a b c b[M] b) b/a c) ln a c
b

+ d) 

1 10.4 2.32 0.020 −9.54 0.0067 0.009 33.1 

2 20.1 1.60 0.022 8.94 0.0073 0.014 30.3 

3 26.1 1.66 0.024 19.22 0.0080 0.015 40.0 

4 33.2 2.84 0.025 -6.72 0.0082 0.009 35.1 
a) See No. 5 in Table 1 for details of the SIP condition. b) See eq. (16). c) See eq (17). d) The value of Δmonomers at t = 0, which is mainly due to 

ΔfIRM→CRM. 

Table 4  List of the average values of a and b for the three tested monomers 

No. Monomer Solvent (H2O:MeOH ) χI 
Sur aave

 a) aSE
 b) bave

 c) bave.[M] d) 

1 300 1:0 1.00 1.42 0.79 0.017 0.0092 

2 475 1:0 1.00 0.98 0.22 0.064 0.022 

3 475 1:0 0.42 2.02 0.32 0.070 0.025 

4 475 1:0 0.15 3.04 0.76 0.073 0.025 

5 526 1:1 1.00 2.11 0.29 0.023 0.0075 

6 526 1:4 1.00 3.63 1.48 0.051 0.015 
a) Averages of the fitted a according to eq. (14) for the tested monomers. b) The standard error of fitted aave. c) Averages of the fitted b, the SE for bave. 

was very small, typically < 1%. d) Calculated according to eq. (16), b[M] = kt,s,app/kp,s,app. 

3.5  Factors that alter the kinetics of SIP 

From eqs. (12)―(14) and (16)―(17), we expected the 
following factors affect the kinetics of SIP, including (i) 
the molecular weight of monomers, (ii) the solvent used, 
(iii) the initial density of initiator, (iv) the concentration 
of monomer, [M], and (v) the catalyst system (ratio 
among the ingredients). These factors will be examined 
below so that the validation of these equations (i.e., the 
reported experimental and analytical methods) can be 
checked. 

3.5.1  Impact of the molecular weight on the SIP kinet-
ics.  Monomer OEGMA300 and OEGMA475 are dif-  
ferent only in their molecular weights (CH2=C(CH3)CO-  
(OCH2CH2)nOCH3), the former has n ~6 and the later 
has n ~9. Given all other reaction conditions the same 
(Table 1, No. 1 and No. 2), OEGMA475 has a value of 
kt,s,app/kp,s,app that is 2.4-fold larger than that of OEG-  
MA300 (Table 4, No. 1 vs. No. 2). One direct conclusion 
is that OEGMA300 polymerizes faster than OEGMA475 
does, in other words, higher molecular weight reduces 
the rate of polymer growth. OEGMA526 has a molecu-  
lar weight close to OEGMA475, however, the different 
SIP condition prevents the comparison between them 
(No. 2 and No. 5 in Table 1). With limited data here, we 
did not know if this was a consequence of the increased 
steric hindrance or was a consequence of the reduced 
reactivity of the vinyl group as the molecular weight 

increases. However, such a puzzle could be resolved 
using this reported method with a more detailed study. 

3.5.2  Impact of solvent on the kinetics.  Comparing 
the b[M] values of No. 5 and No. 6 in Table 4, we con-
cluded that methanol could reduce the value of 
kt,s,app/kp,s,app. The SIP condition was listed as No. 5 and 
No. 6 in Table 1. Methanol was used to increase the 
solubility of monomer OEGMA526 (that is also the 
reason why there is no 1:0 solvent condition for 
OEGMA526). The 1:1 mixture of water and methanol 
set the b[M] value at 0.0075 × 109 m−1, while the 1:4 
mixture set it at 0.015, which was a 2-fold increase. Wa-
ter was known to accelerate the polymerization rate. For 
example, Baker et al. recently reported a ~300 nm film 
of OEGMA1100 using water as solvent[64]. From the 
limited data here, we knew that the composition of sol-
vent could alter the value of kt,s,app/kp,s,app but did not 
know if this was achieved via (i) increased reactivity of 
the vinyl group, (ii) altered catalytic performance of the 
catalyst, or (iii) a combination of these two mechanisms. 

3.5.3  Impact of initial density of the initiator (radical 
concentration) on the kinetics.  We first applied binary 
mixed SAM technique[58] to systematically vary the ini-  
tial surface density of initiators: undecanethiol (U) was 
used as a dilutent to vary the initiator (I) density. In this 
study, three mixed SAMs with varied initiator density 
(χI

Sur) were subjected to SIP, namely, the 1.00, 0.42, and 
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0.15 density (No. 2―4 in Table 1). There was no sig-  
nificant difference of the b values among the 1.00, 0.42, 
and 0.15 initial density variation. This was expected be-
cause the initial density of initiator will not change the 
constants, kt,s,app and kp,s,app. However, we found the val-
ues of a between 1.00 and 0.15 were statistically differ-
ent (Figure 4). The a value of 0.15 density (3.04 ± 0.76) 
was statistically larger than that of 1.00 (0.98 ± 0.22), 
indicating the former had a smaller [R⋅]0 value. We no-  
ticed that the mixed SAM system had a limited capacity 
in tuning the initiator density: a 2-dimensional (2D) sys-  
tem with limited dynamic range (see supplemental in-
formation for electronic version for details). Thus, we 
applied the relayed SIP technique to enhance our ability 
of tuning the radical concentration[31].  

In the relayed SIP design (Scheme 2), we conducted 
the 1st SIP from a 1.00 initiator SAM surface, with 
OEGMA526 as the monomer, (resulting OH group ter-  
minated polymer brushes). Next, the terminal OH 
groups were converted to initiation sites. Thus, one had 
a 3D presentation of initiators, which is of greater dy-  
namic range. Finally, the 2nd SIP was conducted in 
QCM for kinetic analysis. Table 5 presented one exam-  
ple: the values of b[M] were again constant as expected. 
However, the a[M] values were significantly different: 
the increased number of initiators due to 3D presentation 
led to a 35-fold decrease of a[M] value. This decrease is 
greater than what the mixed SAM could achieve (a 
3-fold decrease by increasing χI

Sur from 0.15 to 1.00). 
Note that in this relayed SIP format, we did not know 
the exact number of initiators for the 2nd SIP. This 
change of a[M] value may also partially due to the  

 
Figure 4  Statistical analyses were performed using a one-way analysis 
of variance (ANOVA) with Fisher′s least significant difference PLSD post 
hoctest for multiple comparisons. For 1.00 and 0.42, p = 0.115; for 1.00 
and 0.15, p = 0.008 (indicating significant difference); for 0.42 and 0.15, p 

= 0.136. 

 
Scheme 2  Illustration of the relayed SIP process. The 1st SIP prepared a 
layer of poly(OEGMA526), which was used to anchor more initiation 
moieties. The 2nd SIP had a fast kinetics and resulted in polymeric trees. 

change of initiator presentation from 2D to 3D since it 
affects the accessibility of initiators/radicals to mono-
mers partially due to the change of steric hindrance. 
From eq. (12), such impact is equivalent to a reduction 
in [R⋅]0, which leads to a larger a[M] value. 

3.5.4  Impact of the monomer concentration, [M].  
Both eqs. (13) and (14) indicated the [M] could alter the 
value of a and b. We designed the following experiments 
to confirm this predication: all other experimental con-
ditions were kept the same except the monomer concen-
tration, [M], was varied as indicated in Table 6. Both a 
and b were decreased as [M] was increased. The values 
of b[M] were constant, agreed well with eq. (14). The 
values of a[M] were reasonably close given the large 
variation of a due to the irreproducibility of the initiation 
step. This partially proved the correctness of eqs. (13) 
and (14). 

3.5.5  Impacts of the catalytic system.  The catalytic 
system of the metal catalyzed living radical polymeriza-
tion[59,65] is the key for the SIP. It typically consists of 
metal, ligand, and other additives. Optimization of its 
ingredient is of great importance to the development of 
this field and its industrial application[66]. We will dem-  
onstrate how this reported method (the QCM study of 
the kinetics of SIP) can be applied to optimize the cata-
lytic system. 

The CuBr/Bipy catalytic system led to a relatively 
slower polymer film growth and a smaller value of limit 
thickness when compared with the recently developed 
AGET SIP system (see supplemental information for  
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Table 5  The fitted values of a and b for the relayed SIP 

SIP a) Thickness (nm) b) [M](mol·L−1) c) a a[M] b b[M] 

1st 10.6 0.33 3.64 1.20 0.022 0.0072 

2nd 51.9 0.18 0.20 0.035 0.041 0.0073 
a) See No. 5 in Table 1 for the detailed SIP condition. b) For the 51.9 nm sample, we only fitted the first 40 nm range. c) The [M] was reduced to slow 

the polymerization rate. 

Table 6  The monomer concentration alters the values of a and b 
No. [M] (mol·L−1) a) a a[M] b b[M]

1 0.18 8.9 1.58 0.125 0.022

2 0.35 1.1 0.39 0.067 0.024

3 0.57 1.2 0.66 0.038 0.022
a) See No. 2 in Table 1 for the detailed SIP condition except the mono-

mer concentration was a variable. 

electronic version)[67]. Matyjaszewski et al. further de-
veloped the so-called activator regenerated by electron 
transfer (ARGET) system, which differed from AGET only 
in the absolute amount of CuII used[66]. For the AGET 
and ARGET system, the catalyst consists of CuⅡ, Bipy, 
and AscA. We will study these components individually. 

First, we studied the impact of [Bipy]. It was clear 
from Table 7 that the increased [Bipy] led to smaller a 
values but constant b values. This indicated the fact that 
the increase of the polymerization rate was indeed due to 
the increased [R⋅]0 because [Bipy] did not affect the 
process of radical combination, i.e., kt,s,app did not 
change (eqs. (12) and (13)). To obtain the same informa-
tion, traditional method required at least three runs of 
experiments to give a thickness-time plot. 

Second, we studied the impact of the ratio of 
Cu(Ⅱ)/AscA. In Table 8, we kept the (initially added) 
amount of CuII constant and varied the amount of AscA. 

Table 7  The bipyridine concentration alters the values of a and b 
No. [Bipy] a) a b b[M] 
1 2 20.7 0.038 0.022 
2 3 5.4 0.037 0.021 
3 4 1.2 0.038 0.022 
4 5 0.01 0.033 0.019 

a) Monomer/Cu(Ⅱ)/AscA/Bipy = 200/1/0.7/Bipy (Bipy = 2, 3, 4, 5), 
[monomer] = 0.57 M. 

Table 8  The ratio of Cu(Ⅱ)/AscA alters the values of a and b 

No. Cu(II)/AscA a) a b b[M] 

1 1/0.3 97.4 0.035 0.020 

2 1/0.5 27.9 0.032 0.018 

3 1/0.7 20.7 0.038 0.022 

4 1/0.9 16.2 0.034 0.019 

a) monomer/Cu(Ⅱ)/AscA/Bipy = 200/1/AscA/2, [monomer] = 0.57 M. 

As expected, the b[M] values were almost the same. The 
ratio of 1/0.3 was unique in that it gave a 5-fold higher 
value of a than the other three ratios were. Assuming the 
kt,s,app was kept constant (because the kp,s,app was the 
same), we concluded that [R⋅]0 was influenced by the 
ratio of CuⅡ/AscA. Possible detailed mechanisms will 
not be discussed as it is beyond the scope of this paper. 

The ratio of CuⅡ/AscA listed in Table 8 was indeed 
for the AGET system. In Table 9, we found the difference 
between the ARGET and AGET systems. In ARGET 
system, the amount of AscA is more than that of CuⅡ 
(No. 2 and No. 3 in Table 9). It was obvious that kp,s,app 
was not changed since b[M] was constant. The ratio of 
0.2/0.7 set the fitted a value at 0.004, which was con-  
verted to a [R⋅]0 value that was impossible from an ini-  
tiator SAM (The minimum value of a for an initiator 
SAM with 100% initiation rate was 1.9, see supplementaryl 
information for details). This is an indication that this 
reported method could be applied to explore the mecha-  
nism of metal catalyzed living radical polymerization. 

Table 9  The ARGET vs. AGET 

No. Thickness (nm) a) Cu(Ⅱ)/AscA b) a b[M] 

1 23.2 1/0.7 20.7 0.022 

2 45.4 0.5/0.7 6.5 0.023 

3 122.8 0.2/0.7 0.004 0.019 

a) Only the first 40 nm range was fitted. b) Monomer/Cu(Ⅱ)/AscA/Bipy 
= 200/Cu(Ⅱ)/0.7/2, [monomer] = 0.61 M. 

To summarize, we demonstrated that the reported 
method (experimental design and data analysis) could 
predict how the following factors alter the kinetics of 
SIP, including (i) the molecular weight of monomers, (ii) 
the composition of solvent used, (iii) the initial density 
of initiator, (iv) the concentration of monomer, [M], and 
(v) the catalyst system (ratio among the ingredients). 
Such information will enhance our ability in rational 
design of functional surface coatings. Next, we will 
demonstrate how to use a, b, initiator efficiency (IE), 
and film thickness to characterize a surface tethered 
polymer film. 



 

3.6  Initiator efficiency (IE) 

One must be aware of the following facts: (i) not all ini-
tiators were activated and (ii) the number of growing 
sites was continuously declining, i.e., the initiator effi-
ciency problem. Previous studies have also demon-
strated that polymer density could be controlled by 
varying surface density of initiator in SIP, yet the final 
density of the film was difficult to determine[43,49,50].  

From eq. (10), we have eq. (18): 

 
[ ]
[ ]0

R 1IE%
R 1

a
ba bt t
a

⋅
= = =

⋅ + +
 (18) 

In eq. (18), [R⋅] is the live polymer chains and [R⋅]0 is 
the total number of polymer chains. This IE is dynamic. 
The IE typically used in SIP research field as discussed 
in the introduction part is that: IE = polymer chains/total 
number of initiators, where the number of polymer 
chains was determined by GPC[23,40,46]. From this study, 
IE drops dramatically at the first 3 min, where polymer 
chains are still very short and not detectable by the GPC 
method. For the remaining period of SIP, the typical 
10% IE value corresponds to long polymer chains and is 
detectable by GPC. Therefore, the physical meaning of 
IE defined by eq. (18) was the same with what is typi-
cally used. 

From Table 3, a ~ 2 and b ~ 0.02, the value of IE% 
will reach 10% within 20 min (Figure 5(a)), which 
mathematically explained the reason why an IE% value 
of 5%―10% was typically identified[23,37,39]. Figure 5(a) 
also clearly demonstrated that the IE% were similar at 
the early and later stages for different runs but could be 
different in the middle of the SIP process, indicating a 
way of obtaining polymer brushes with subtle density 
difference. 

Figure 5(b) was simulated to visualize how the vari-
ables a and b affect the SIP process. To obtain a dense 
polymer brush with limited density distribution at the 
Z-direction (perpendicular to the planar surface), one 
needs a relatively small b/a value, ~10−7 (Figure 5(b)). 
From eqs. (12) and (13), b/a = kt,s,app[R⋅]0, this indicated 
a small b/a value could be realized by using a catalytic 
system that gives a small kt,s,app value or a small [R⋅]0 
value. The [R⋅]0 value is determined by multiple factors, 
including (i) the initiator itself: benzyl alkyl halide is 
more reactive than tertiary butyl alkyl halide, while 
secondary alkyl halide is even less reactive than both the  

 

Figure 5  The dynamic nature of IE(%). (a) Representative plots of IE (%) 
against time according to eq. (18) for poly(OEGMA526). See text and 
Table 3 for details. (b) Simulation of the impact of the ratio of b/a on the 
IE according to eq. (18). 

aforementioned[59], (ii) the catalytic system. For example, 
ARGET gave more [R⋅]0 than AGET did as demon-
strated above, (iii) the solvent used, and (iv) other minor 
factors such as oxygen level (due to leaking or incom-
plete purging at the very beginning) and temperature. It 
must be stated that a small [R⋅]0 led to a slow Rp. 

In Figure 6(a), we fixed b at 0.02 and varied a from 1 
to 4. The rate of mass increase became similar for all 
four curves when t was larger than 400 s. And the dif-
ference in mass deposition was determined by the early 
period of polymerization (t < 400 s). A smaller a value 
could be realized through (we assumed [M] was kept 
constant): (i) increased kp,s,app value but the ratio of 
kt,s,app/kp,s,app was kept the same since b was kept constant, 
(ii) increased kp,s,app[R⋅]0 value but the ratio of kt,s,app/ 
kp,s,app was kept the same since b was kept constant, (iii) 
increased [R⋅]0 only. All three situations led to a faster 
polymerization rate and more mass deposition. Thus, the 
parameters a and b were instructive in designing SIP 
process.  
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Figure 6  Simulations that show how the values of a and b affect the 
mass deposition. (a) Fixed a with varied b. (b) Fixed b with varied a, see 
text for details. The solid line after t = 400 s is only for the guide of eye for 
the comparison of slopes, assuming the curves became straight lines. 

In Figure 6(b), we fixed the value of a at 2 and varied 
b from 0.01 to 0.04. It was clearly shown that b was the 
determining factor (for t > 400 s) for the deposition mass. 
A smaller b value (i.e., kp,s,app >> kt,s,app, we assumed [M] 
was kept constant) led to faster polymer deposition and 
the mass difference became larger as the polymerization 
time became longer. To summarize, IE not only depended 
on multiple factors but was also dynamic in nature, 
which made the determination of IE difficult and less 
meaningful. The dynamic nature of IE required the use 
of a tool that could follow the SIP in real time and QCM 
was proved to be one of the choices. 

We have noticed subtle structural differences of 
polymer brushes from surfaces of close initial initiator 
density (only by QCM but not other methods, including 
AFM, XPS, and SEM, data now shown). Given our lim-
ited ability in characterizing polymer brushes with subtle 
difference, the variables a and b could present us a 
physical image of how the film was evolved. Thus, we 
propose that the film thickness and the two kinetic vari-
ables a and b could be used to characterize a polymer 
brush via SIP. 

There are a few questions not addressed in this paper: 
(i) Persistent radical effect (PRE) is widely believed to 
play a central role in the metal catalyzed living radical 
polymerization system[68,69]. According to PRE, the 
concentration of radicals reaches its peak value after 
10−2―10−3 s of initiation, which is beyond the time 
resolution of QCM and our experimental design (the 
exchange of IRM with CRM takes ~ 30 s). The PRE also 
requires the accumulation of species that participate in 
the activation/deactivation balance. In our system, the 
flow mode does not meet this condition. Furthermore, 
the PRE states the resulted CuⅡ is the main player. In 
our system, because of the extremely small amount of 
initiator immobilized on a QCM chip (1.3 × 10−7 mol of 
CuⅡ from the SIP solution in the QCM chamber vs. 6.5 × 

10−10 mol of CuⅡ from the initiator if 100% conversion, 
see supplemental information for electronic version for 
details), the amount of the CuⅡ produced by the PRE 
would not change the balance of activation/deactiva-  
tion[63]. (ii) The individual determina-  tion of the val-
ues of kt,s,app and kp,s,app also requires further develop-
ment of current protocol and even introduction of other 
techniques. These questions will be addressed in future 
publications. 

4  Conclusions 

We presented a QCM based method (experimental design 
and data analysis) to study the kinetics of SIP. Using 
QCM and ellipsometry, the kinetics of SIP could be de-
scribed by two variables, namely a = 1/ (kp,s,app·[M][R⋅]0) 
and b = kt,s,app/(kp,s,app[M]). Fitting of the converted QCM 
curve according to eq. (14) gives reliable b value, and a 
smaller b value indicates faster SIP kinetics. The re-
sulted a value shows variation, and it could only be used 
semi-quantitatively (supported by Figure 4). As pointed 
out previously, the irreproducibility of initiation step 
caused the variation of a. Such irreproducibility also 
existed in the batch mode because it is a problem of 
chemistry itself, not the experiment methods. We rea-
soned that batch mode did not reveal such irreproduci-
bility because the very beginning period (less than a 
second as discussed above) could not be studied. In the 
batch mode, thickness was plotted against time, and the 
interval was typically 10 min or more. Although QCM 
was also unable to be used to directly study the events at 
the very first second, it was able to reveal the variation  
of [R⋅]0 by extrapolating to time zero (Figure 3(b)). Fur-
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thermore, QCM results in late stages of SIP (after 10 
min of initiation) agreed well with the batch mode. The 
establishment of such method makes it possible not only 
to optimize kinetics of SIP but also to study the mecha-
nisms of SIP. This method has wide application poten-  
tials, including a fast screening of catalyst system[70] and  

studies of other interfacial phenomena that are associ-
ated with surface mass changes. Functional surface 
coatings via rational design aided by our reported 
method (optimized a and b) will be reported elsewhere.  

We thank Mr. FU Long and Dou HaiQiang (Peking University) for con-
ducting partial SIP experiment. 
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Supplementary materials 

 
Figure S1  Linear relations between the frequency decreases and dry film 
thickness for poly(OEGMA300). Representative f-T linear relations (n = 3) 
with slopes of k2 = 6.96 and k4 = 11.57 for Δf iii and Δf vi, respectively (R2 ~ 0.99). 

 
Figure S2  Linear relations between the frequency decreases and dry 
film thickness for poly(OEGMA475). See slopes of k2 and k4 for Δf iii and 
Δf vi, respectively, in Table 2. The initial initiator density was different: (a) 
1.00, (b) 0.42, and (c) 0.15, R2 ~ 0.99 for all six linear fittings. 

 

Figure S3  Linear relations between the frequency decreases and dry 
film thickness for poly(OEGMA526). Representative f-T linear relations 
(n = 3) with slopes of k2 = 7.37 and k4 = 11.67 for Δf iii and Δf vi, respectively 
(R2 ~ 0.99, H2O/MeOH = 1/4). 

 

Figure S4  The frequency change due to exchange of IRM with CRM 
was a constant: ~143 Hz for OEGMA300 in water (see Table 1 in text for 
detailed conditions). 

Detailed deduction of eq. (5) 
From eq. (S1) and (S2): 

 k2 = 5.6 × 10−3ρ  (S1)  
Eq. (S1) corresponding to (3) in text.  
 Δmass = ρT (S2) 

Eq. (S2) corresponding to (4) in text. 
We can get eq. (S3): 

 2
s 3mass

5.6 10
k T−Δ =
×

 (S3) 

Substituting eq. (S3) into (S4), we had eq. (S5): 
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Δ
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Eq. (S4) corresponding to (1) in text. 
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From eq. (S4) and (S6), we have eq. (S7): 
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Eq. (S6) corresponding to (2) in text. 
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For further deduction, we have eq. (S8): 
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Let 2
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kr
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= . Then 
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 (S9)  

Eq. (S9) corresponding to eq. (5) in text. 

Compare the difference between the bulk 
phase and surface phase 

Differential analysis: define the rate of polymerization 
(Rp,s) as the increase of monomers in unit time and unit 
surface area (surface phase). 

( )
,

d Mass dMass
d d

w
p s

w

M
R

t M
= =

t
 

Compare Rp from the bulk phase and the surface phase: 
bulk phase, Rp in mole·(dm−3)·s−1

 ≡ 103 mole·m−3·s−1; 
surface phase, Rp,s in mole·(mm−2)·s−1

 ≡ 104 mole m−2·s−1. 
The difference of these two is the h (height):  

p,s
p

R
R

h
=  (h in m) 

Integral analysis: compare the Δmonomer from the 
bulk phase and the surface phase: bulk phase, 
Δmonomer in mole L−1

 ≡ 103 mole·m−3; surface phase, 
Δmonomers in mole mm−2

 ≡ 104 mole·m−2. The differ-
ence of these two is also the h (height): 

monomer
monomer s

h
Δ

Δ =  

One may suggest to define h as the convert factor 
from the bulk phase to the surface phase, and it contains 

several factors, such as , s[M] [M]→ s[R ] [R ]⋅ → ⋅ , 

p p,sk k→  and  t t, .k k→ s

Assuming the bi-termination mechanism of the (free) 
radicals, first consider the situation in the bulk phase: 

p p[M][R ]R k= ⋅  

kp in M−1·s−1, [M] and  in M (mol·L−1). [R ]⋅

( )
1monomer ln ca bt
b

Δ = ++  

Then, consider the fact that QCM detects surface con-
fined, area averaged mass, 

p,s p,s,app s s[M] [R ]R k= ⋅  

p,s p[M][R ]R k h= ⋅ 　 

2
t

d[R ] [R ]
d

k
t
⋅

= ⋅  

0

t 0

[R ]
[R ]

1 [R ]k t
⋅

⋅ =
+ ⋅

 

p 0
p,s

t 0

[M][R ] 1
1 [R ]
k h

R
k t a

⋅
= =

bt+ ⋅ +
 

p 0

1
[M][R ]

a
k h

=
⋅

, t

p[M]
k

b
k h

=
⋅

 

( )
1monomer monomer lns h h ca bt
b

⎡ ⎤Δ = Δ ⋅ = ++⎢ ⎥⎣ ⎦
 

The difficulty is then how to define the value of h 
(this will be addressed at the end of this material). 

How to choose the range for fitting: Further mathe-
matical transformation led eq. (14) to have the following 
form: 

s
1 lnmonomer ln a bt c
b b b

⎛ ⎞ ⎛Δ = ++ +⎜ ⎟ ⎜
⎝ ⎠ ⎝

⎞
⎟
⎠

 

It was clear from the above equation that the variable 
b determined the shape of the curve (i.e., the converted 
QCM curve, Δmonomers), the variable a/b determined 
the shift at the X-axis (i.e., time), and the variable 

ln bc
b

+ reflected the shift at the Y-axis (i.e., Δmonomers). 

The shape of the curve was relatively easy to define (a 
wide time window). The (0,0) point was also relatively 
easy to define as the enlarged area of Figure S5(a) usu-  
ally shown a sharp turn. The shift at the Y-axis, however, 
was difficult to determine as it was affected by many 
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factors. This led to the variable c with no use. Fortu-
nately, the variable c did not contain much information 
for the kinetics. 

Figure S5 clearly demonstrated that the error analysis 
(Figure S5(c)) could help us chose the right time point to 
start fit. If one chose a start point that was within the 
mixed area (solution exchange mixed with polymer 
growth, < 30 s), the R2 indicated a bad fitting. Similarly, 

if one chose a start point that was far away from the real 
starting point, the R2 dropped again because the SIP 
might deviate from the bi-termination mechanism (other 
factors such as oxygen induced termination). 

Now we discuss the criteria of defining the fitting 
range: (i) The starting point is determined based on two 
conditions, first is to pass the solution exchange period, 
i.e., > 30 s; second is a stable (~100 s) R2 value > 0.98,  

 

Figure S5  Kinetic analysis of SIP. (a) A representative f-t curve for OEGMA526, with an initial initiator density at 1.00 and a dry film thickness at 26.1 
nm (No. 5 in Table 1 and No. 3 in Table 3), enlarged is the turning point that was set to be the (0,0) point for analysis. (b) Fitting of the converted f-t curve 
according to eq. (14). (c) Error analysis indicated where to start fit and the point of diminishing of the interference due to the solution exchange (Δf IRM→CRM). 

List of the detailed fitted values. 
Table S1  The fitted values of a and b according to eq. (14) for OEGMA526 

No. a) Thickness (nm) a b c b[M] b) b/a c) 
1 8.9 1.28 0.051 35.3 0.015 0.040 
2 21.3 5.40 0.054 23.0 0.016 0.010 
3 24.4 1.10 0.054 38.5 0.015 0.049 
4 27.4 7.40 0.053 7.0 0.015 0.007 

a) See No. 6 of Table 1 for details of the reaction condition, b) See eq. (16). c) See eq. (17). 

Table S2  The fitted values of a and b according to eq. (14) for OEGMA475 (χI
Sur = 1.00) 

No. a) Thickness (nm) a b c b[M] b) b/a c) 
1 7.6 1.57 0.065 24.9 0.023 0.041 
2 14.3 1.26 0.065 23.5 0.023 0.051 
3 20.1 0.56 0.061 47.4 0.021 0.110 
4 21.0 0.40 0.063 36.8 0.022 0.157 
5 25.8 1.13 0.067 21.1 0.024 0.060 

a) Initial density of the initiator at 1.00. See No. 2 of Table 1 for details of the reaction condition. b) See eq. (16). c) See eq. (17). 



 

Table S3  The fitted values of a and b according to eq. (14) for OEGMA475 (χI
Sur = 0.42) 

No. a) Thickness (nm) a b c b[M] b) b/a c) 

1 6.2 2.17 0.072 17.0 0.025 0.033 

2 8.7 2.47 0.069 7.9 0.024 0.028 

3 10.9 1.28 0.069 21.6 0.024 0.054 

4 11.8 2.88 0.071 13.2 0.025 0.024 

5 18.6 1.28 0.070 12.7 0.024 0.055 
a) Initial density of the initiator at 0.42. See No. 3 of Table 1 for details of the reaction condition. b) See eq. (16), c) See eq. (17). 
 

Table S4  The fitted values of a and b according to eq. (14) for OEGMA475 (χI
Sur = 0.15) 

No. a) Thickness (nm) a b c b[M] b) b/a c) 

1 7.7 4.60 0.073 7.27 0.025 0.016 

2 11.4 1.44 0.073 18.84 0.026 0.051 

3 19.2 2.08 0.071 19.07 0.025 0.034 

4 21.6 4.06 0.074 10.36 0.026 0.018 
a) Initial density of the initiator at 0.15. See No. 4 of Table 1 for details of the reaction condition. b) See eq. (16). c) See eq. (17). 

Table S5  The fitted values of a and b according to eq. (14) for OEGMA300. 

No. a) Thickness (nm) a b c b[M] b) b/a c) 

1 4.0 3.74 0.016 -33.95 0.008 0.004 

2 17.2 0.27 0.018 84.03 0.010 0.066 

3 23.5 0.64 0.017 70.62 0.009 0.027 

4 33.1 1.02 0.017 48.24 0.009 0.017 
a) See No. 1 of Table 1 for details of the reaction condition. b) See eq. (16), c) See eq (17). 

(ii) The ending point is chosen so that the frequency 
change (i.e., the film thickness) is within the linear f-t 
relation range. There are SIP conditions that have fast 
kinetics and deposit more than 100 nm polymer film 
within a few minutes. For those experiments, the fitting 
range must be narrowed, (iii) One must also pay atten-
tion to the overall reaction time. The catalyst system 
applied is sensitive to oxygen and long reaction time 
(situations where we used a SIP condition of slow 
growth rate) will inevitably lead to oxygen leaking 
therefore deviate from the bi-termination model, (iv) Other 
factors such as the baseline shifting may play significant 
role for long polymerization period, especially the later 
stage that usually has very small frequency decrease rate. 

The initiator on QCM chips:  

The gold coated area of a QCM chip is a circle with a 
diameter of 10 mm. 

The surface area occupied by an initiator molecule: S0 

~20 Å2[1] 

The surface area of a QCM chip: 
2

1 2
DS ⎛ ⎞= π⎜ ⎟

⎝ ⎠
 

The amount of the initiator (n) on a QCM chip was 

calculated by 1

0 A

S
n

S N
= , where NA is the Avogadro’s 

constant. 

( )
3 2

10
initiator 20 23

(5 10 ) 3.14 6.5 10 mol
20 10 6.02 10

n
−

−
−

× ×
= = ×

× × ×
 

The concentration of Cu (refer to the element of Cu, 
for the added AscA will convert part of CuⅡ to CuⅠ) is 
3.2 × 10−3 M, which gives 1.3 × 10−7 mol of Cu in the 40 μL 
QCM chamber. Comparing the absolute amount of ini-  
tiator and Cu in the QCM chamber, we found nCu   
~500ninitiator, so the initiator can hardly influence the 
balance of catalyst activation and deactivation (CuⅡ↔ 
CuⅠ). 

The estimation of h 

One can estimate the value of h by evaluating the re-
sulting constants of kp or kt. If the constants are physi-
cally reasonable, then the estimated value of h is also 
reasonable. Wet first assume that kp is the same with the 
solution phase, that is 3.6 × 103 M−1·s−1[2,3]. From equa-  
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tions (12) and (13), we can calculate the value of kt and 
0. The result is listed in Table S6.  [R ]⋅

Table S6  The calculation of 0 and kt for OEGMA475 (χI
Sur = 1.00). [R ]⋅

h = 20 nm h = 2 nm 
No. Thickness (nm) 

[R ]⋅ 0 
a) kt b) [R ]⋅ 0 kt 

1 7.6 0.31 1.7×10-1 3.1 1.7×10-2 

2 14.3 0.31 1.7×10-1 3.1 1.7×10-2 

3 20.1 0.71 1.5×10-1 7.1 1.5×10-2 

4 21.0 1.00 1.6×10-1 10.0 1.6×10-2 

5 25.8 0.35 1.7×10-1 3.5 1.7×10-2 

a) The unit of [R⋅]0 is M, see eq. (12). The kp was assumed to be the 
same with the solution phase, 3.6 × 103 M−1·s−1[2,3]. b) The unit of kt is 
M−1·s−1, see eq. (13). 

The results of 0 (2 nm) are very close to those 
from Baker et al.[4], who assumed the initiators were 

distributed over a height of approximately 2 nm. 

[R ]⋅

If assuming a 100% initiation of the initial number of 
initiators and taking h = 2 nm, one has [R⋅]0 = 4.2 M. 

1
0 20 23 9

0 1

1 1[R ]
20 10 6.02 10 2 10

4.2
A

S
S N S h − −⋅ = ⋅ =

× × × × ×
=

 

This [R⋅]0 value leads to a maximum a = 1.9 ×  

1012 mm2·s·mol−1. 

3
p 0

1 1 1.9
[M][R ] 3.6 10 0.35 4.2

a
k

= =
⋅ × × ×

=  

For most cases, we had the fitted a = 2, corresponding to 
~100% initiation of the initiator. In Table 9, a = 0.004 
which is too much for the possible initiator on a QCM 
chip. We attributed this to two reasons: (i) our assump-
tion that [R ]⋅ 0 would not increase was no longer valid, 
(ii) the fitting gave a large error for small a values. 
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