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ABSTRACT: Matrix-assisted laser desorptiodionization time-of-flight (MALDVTOF) mass spectrometry 
has been used for the analysis of poly(buty1 methacrylate) synthesized by group-transfer polymerization, 
and the absolute molecular weight distributions have been determined for polymers up to 100 000. For 
lower molecular weight poly(buty1 methacrylate) we obtained structural information con!irming composi- 
tion and end groups. The compounds were desorbed from trans-3-indoleacrylic acid and detected as 
positive ions showing molecular weight and several multiply charged distributions from submilligram 
amounts of sample. The results provided answers to ambiguities which two separate GPC measurements 
had created. MALDI results were supported by light scattering measurements. 

Introduction 
The relatively new technique of matrix-assisted laser 

desorptiodionization (MALDI) time-of-flight mass spec- 
trometry is established as a powerful method for the 
determination of molecular weight for biopolymers such 
as proteins,1-6 oligonucleotides,7-9 and polysaccha- 
rides,l0J1 and recent results12-20 have also shown its 
utility as a polymer molecular weight tool. MALDI has 
no reliance on polymer standards or Mark-Houwink 
constants for molecular weight assignments. The dis- 
tribution from which the weight averages can be com- 
puted is obtained in less than 15 min from submilligram 
amounts of material, and no polymer molecular weight 
calibrants are necessary. Absolute molecular weights 
(as opposed to the relative values often reported) on 
narrow distribution polymers have been determined 
with an  accuracy as  good as  or better than light 
scattering, osmometry, and viscometry,14J5 and polymer 
distributions and polydispersity indices from MALDI 
agree well with those from GPC.13-15J8 Previous work 
has shown that polymers of up to 400000 can be 
measured with this technique.20 

We applied MALDI to provide absolute molecular 
weight distributions of poly(buty1 methacrylate) up to 
100 000 which were synthesized by group-transfer po- 
lymerization. Group-transfer polymerization (GTP) is 
a relatively new polymerization technique which pro- 
duces living methacrylate polymers with narrow mo- 
lecular weight distribution.21 The degree of polymeri- 
zation is controlled by the monomerhnitiator ratio.21 We 
selected to study butyl methacrylate polymers synthe- 
sized by GTP because of their narrow polydispersities 
and their well-known chemistry. The narrow polydis- 
persity (d < 1.1) results in an increase in the MALDI 
signal because the ion current is divided over a small 
mass range as compared to polydisperse polymers. The 
initiation, chain-growth, and termination reactions are 
understood in GTP; therefore, the end groups are 
known. These polymers could be used as  standard 
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materials if accurate information on their weights and 
composition could be obtained. GPC can provide M ,  
information, but it is not absolute, and results can vary 
widely from one lab to another. In fact, two separate 
GPC analyses which were performed in different facili- 
ties under different conditions for these materials 
provided M ,  assignments which were very different 
(50%) from one another, but they did confirm narrow 
distributions (d .c 1.2) for the materials. We report here 
the use of MALDI for absolute molecular weight mea- 
surements of poly(buty1 methacrylate). In addition, 
MALDILL'OF is used to c o n f i i  composition and end 
groups for lower molecular weight polymers where the 
instrument is able to resolve the individual oligomers. 
For additional support of MALDI as a polymer charac- 
terization tool, we obtained light scattering results on 
the higher molecular weight polymers and NMR spec- 
troscopy on the lower molecular weight polymers. 

Experimental Section 
Measurements were performed using a Bruker (Billerica, 

MA) REFLEX MALDIA'OF mass spectrometer. This time-of- 
flight instrument is fitted with a reflectron and dual micro- 
channel plate detector for high-resolution analysis and with 
a three-stage detector in the linear mode for lower resolution 
molecular weight distribution measurements. The linear 
detector consists of a discrete dynode followed by a single 
microchannel plate. Following the microchannel plate there 
is variable acceleration (0-20 kV 12 kV was used for these 
experiments) of the electrons into a scintillator and the 
resulting photons are detected with a conventional photomul- 
tiplier tube. The resolution (mlhm at fwhm) of the linear 
detector is about 300 for typical operations, while in the 
reflector mode the resolution is approximately 800. Measure- 
ments shown were made in the reflector mode or the linear 
mode with the three-stage detector. The matrix used for all 
experiments was trans-3-indoleacrylic acid (Aldrich, Milwau- 
kee, WI). Samples were prepared by dissolving the polymer 
in acetone at a concentration of 1 x M. A total of 4 p L  of 
this solution was added to 20 p L  of a 0.2 M solution of matrix 
also dissolved in acetone. "his final solution was shaken 
briefly, and 0.5-2 p L  was applied to a stainless steel probe 
tip with a Wiretrol I1 glass capillary pipet (Drummond 
Scientific, Broomall, PA), resulting in a total loading of polymer 
of 40 ng to 4 pg depending on polymer molecular weight. Ions 
were formed by laser desorption at 337 nm (LSI Nz laser, 3 ns 
pulse width, 106-107 W/cm2, 100 pm diameter spot), acceler- 
ated to  30 kV, and detected as the positive ions in all cases. 
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The spectra are the sum of 100 laser shots acquired at a 5-Hz 
repetition rate for a total acquisition time of 20 dspectrum. 
The total analysis time including sample preparation was less 
than 15 midsample. An external calibration using bovine 
insulin and angiotension I1 (Sigma, St. Louis, MO) was used; 
this provides mass accuracy within 0.02% for this instrument. 
Molecular weights were calculated using POLYMASS software 
provided by Bruker and operated on a Sun Sparcstation LX. 
All spectra were smoothed with a 5 or 11 point Golay-Sawitski 
smoothing algorithm. 

Six samples of poly(buty1 methacrylate) (approximate M, 
3000- 100 000) were prepared by group-transfer polymeriza- 
tionz2 using a tetra-n-butylammonium biacetate catalyst (0.11 
mol % relative to  initiator). The initiator used for all poly- 
merizations was l-butoxy-l-(trimethylsiloxy)-2-methyl-l-pro- 
~ e n e . ~ ~  This initiator produces butyl methacrylate chains with 
saturated butyl methacrylate end groups. 

GPC 1 analyses were carried out using a Hewlett-Packard 
1090 liquid chromatograph system equipped with a Model 401 
differential refractive index detector (Palo Alto, CAI. A four- 
column set, consisting of lo5, IO4, lo3, and lo2 A p-Styragel 
columns (Waters), was employed. A tetrahydrofuran (THF) 
mobile phase at 35 "C with a flow rate of 2 mumin was used. 
External polystyrene calibrants were used in all cases. GPC 
2 analyses were conducted on a Waters Model 244 GPC 
(Milford, MA) using a THF mobile phase. A Hewlett-Packard 
Model R 401 differential refractive index detector was used 
in GPC 2 studies. A four-column set, consisting of lo6, lo5, 
lo4, and 500 A Ultrastyragel columna, was used. A flow rate 
of 1 mUmin at a temperature of 25 "C was used. A set of 
polystyrene calibrants different from those used in GPC 1 was 
employed. Using different operating parameters and a dif- 
ferent set of calibrants can lead to variation in the determina- 
tion of molecular weights, and this situation is not uncommon, 
as many laboratories employ various operating parameters to 
obtain their molecular weight information. 

Low-angle laser light scattering (LALLS) data were obtained 
from a GPC coupled to  a light scattering detector. The GPC 
employed a Waters M6000 pump with a Waters Utrastyragel 
mixed linear column containing an average particle size of 7 
pm. A THF mobile phase with a flow rate of 1 mumin was 
used; the analyses were at ambient temperature. The light 
scattering detector was a Chromatix KMX 6 LALLS detector 
(Riviera Beach, FL) using a HeNe laser at 633 nm. The 
scattering angle was 6-7", the field stop aperture was 0.15 
mm, and the incident light was at GO = 1000 units. Data were 
processed using in-house processing software. 

NMR data were acquired on a Bruker AMX500 spectrometer 
('H NMR, 500 MHz). The 'H NMR spectrum was acquired 
on an inverse detection probe using approximately 5 mg of 
polymer in 0.8 mL of CDCL (Cambridge Isotope Labs, Boston, 
MA). Parameters included an excitation pulse of 3 ps (-30%), 
an acquisition time of 2.0 s, a relaxation time delay of 1.0 s, a 
sweep width of 4032 Hz, a 16K complex data set, and 3072 
transients. The spectrum was Fourier transformed without 
apodization. The 13C NMR spectrum and the 13C DEPT 
spectrum were acquired on a 10-mm broad-band probe tuned 
to the 13C frequency (125.77 MHz) using approximately 250 
mg of polymer in 2.0 mL of CDCl3. For the 13C N M R  spectrum, 
an excitation pulse of 10 ,us (-60%) was used. The I3C DEPT 
spectrum was acquired using the standard pulse sequence24 
with a 135" read pulse. Parameters for both spectra included 
an acquisition time of 0.6 s, a relaxation delay of 0.5 s, a sweep 
width of 27 778 Hz, 32K complex data sets, WALTZ16 decou- 
pling during acquisition only, and 32K scans. Spectra were 
exponentially multiplied (line broadening, 5 Hz) prior to  
Fourier transformation. 

Results and Discussion 
The six poly(buty1 methacrylate) samples were ana- 

lyzed under two different GPC conditions and also by 
MALDI/TOF mass spectrometry. Low-angle laser light 
scattering (LALLS) was also applied to two samples of 
higher M,. The results of these measurements are 
summarized in Table 1. 
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Table 1. Weight-Average Molecular Weighr of 
Poly(buty1 methacrylate) Determined by GPC, MALDI, 

and LAUS 
sample GPC 1 GPC 2 MALDI LALLS 

1 6 210 (1.09) 4 170 (1.11) 3 880 (1.21) NDb 
2 9 420 (1.07) 6 150 (1.08) 5 870 (1.08) ND 
3 12 400 (1.07) 8 210 (1.11) 8 040 (1.06) ND 
4 37200(1.09) 27000 32 200 (1.02) 32 500 
5 85 400 (1.10) 69 200 (1.21) 77 800 (1.02) 72 600 
6 109 000 (1.08) 79 000 (1.22) 94 400 (1.05) ND 
The number in parentheses is the polydispersity index. Not 

determined. 
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Figure 1. Positive ion MALDVTOF mass spectrum of poly- 
(butyl methacrylate) sample 1. The inset shows an expanded 
view of the spectrum from mass 3400 to 3760. The data were 
acquired in the reflector mode and 5-point smoothed. 

The positive ion MALDIfTOF mass spectrum of 
sample 1, obtained with the reflector, is shown in Figure 
1. A distribution is observed centered around mlz 4000, 
with a range extending from mlz 1500 to 7000. When 
we calculate for M,, we obtain a value of 3880 with a 
polydispersity of 1.21. Clearly, MALDI is closer in 
agreement to the value provided by GPC 2. The peaks 
represent neutral molecular ions which have been 
cationized by sodium. This is the predominant form of 
ionization for non-acidic polymers14J5 and is confirmed 
by the presence of a potassium cationized peak 16 Da 
higher. The inset shows an expansion of this spectrum 
which reveals peaks separated by 142 Da, consistent 
with the butyl methacrylate monomer mass and con- 
fuming a poly(buty1 methacrylate) was synthesized. The 
first peak in the inset has a mlz value of 3437 which 
corresponds to the oligomer with 24 monomer units. 
This leaves a remainder of 29 Da for the end group 
which is accounted for as follows: 23 Da for the sodium, 
2 Da for the end group (saturated end group is expected 
from the GTP polymerization used here), and 4 Da from 
contributions of 13C (1.1% of abundance of 12C) and the 
mass defect of H (lH = 1.00783 Da). This calculation 
with several other peaks gives the same result for the 
end group. At this mass the instrumental accuracy is 
about 0.5 Da. Therefore, MALDI is able to confirm the 
monomer composition and saturated end group for this 
polymer. 

Of interest are the smaller peaks which appear 
between the large molecular ions and correspond to a 
loss of 74 Da from the molecular ion. These small peaks 
may be due to (1) a neutral loss of butanol from the poly- 
(butyl methacrylate) or (2) an end group different from 
that expected. For determination of a separate end 
group, 13C, 13C DEPT, and lH NMR were performed on 
this sample (data not shown). The I3C and 'H NMR 
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Figure 2. Positive ion MALDVl'OF mass spectrum of poly- 
(butyl methacrylate) sample 4. The data were acquired in the 
linear mode and ll-point smoothed. 

spectra contain peaks for the saturated butyl methacry- 
late end group only. The 13C DEPT experiment con- 
firmed the methylene and methine carbons assigned as 
the end-group peaks in the 13C spectrum. There are no 
extra peaks in the vinyl, carbonyl, or aliphatic region 
of any spectrum. Since the NMR does not show ad- 
ditional end groups, we assume a neutral loss of butanol 
occurs during the ionization and acceleration of the 
molecule. We observe the loss of butanol for all the poly- 
(butyl methacrylate) samples where individual molecu- 
lar ions were resolved. The neutral losses seem to be a 
single elimination of butanol because the distribution 
does not continue to low masses which would indicate 
severe fragmentation or multiple butanol loss. We 
postulate the terminal butyl ester is responsible for this 
loss. The loss of the proton on the terminal methine 
carbon can combine with the butoxy moiety to produce 
a neutral loss of butanol and leave a ketene on the 
polymer chain. Indeed, this reaction has been observed 
in solution chemistry with base c a t a l y s i ~ . ~ ~ ? ~ ~  Note that 
only one carbon in the polymer chain is a methine and 
is consistent with a single elimination of butanol. Small 
neutral losses such as this are not unusual; we have 
also observed water loss in MALDI of poly(acry1ic 
acid).13 

The spectra obtained for poly(buty1 methacrylate) 
samples 2 and 3 (obtained in the reflector mode) are 
similar in that they all show molecular ions separated 
by 142 Da and all show the neutral loss of butanol. Some 
doubly charged ions are also observed at  lower masses 
in these spectra. Confirmation of these peaks is pro- 
vided by their A rnlz which is 72, half of the monomer 
mass. The values we obtain for M ,  (and polydispersity) 
for samples 2 and 3 are 5870 (MJMn = 1.08) and 8040 
(Mw/Mn = 1.06), respectively. For these polymers, we 
are also in closer agreement to values provided by GPC 
2 (Table 1). One assumption made in these measure- 
ments is that the MALDI detector response is constant 
over the mass range of the polymer distribution. This 
is supported by recent work27 which has shown that a 
1:l molar mixture of oligomers of methyl methacrylate 
with masses of 2500 and 5000 gave equal response in 
the MALDI/TOF mass spectrometer. 

The spectrum obtained in the linear mode for sample 
4 is displayed in Figure 2. Note there is not sufficient 
resolution at  this mass to resolve the individual mo- 
lecular ions; thus, the molecular ions convolute and 
become a continuous distribution. The spectrum shows 
three different charge states centered a t  about rnlz 
17 000,32 000, and 65 000. The rnlz 17 000 distribution 
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Figure 3. Positive ion MALDyTOF mass spectrum of poly- 
(butyl methacrylate) sample 6. "he data were acquired in the 
linear mode and 5-point smoothed. 

represents the doubly charged ions, while the distribu- 
tion a t  rnlz 65000 corresponds to dimers formed by 
aggregation of two polymer chains. The rnlz 65 000 
distribution cannot represent the singly charged poly- 
mer distribution because the rnlz 17000 would not 
correspond to triply charged ions. Likewise the converse 
is true, the m/z 17 000 cannot be singly charged ions as 
the rnlz 65 000 distribution cannot be the trimer. As 
long as  three charge states are present, the singly 
charged distribution can be determined, much like 
electrospray mass spectrometry. Also like electrospray, 
each distribution could be used as an independent 
confirmation of molecular weight.28929 From Table 1 the 
value of M, determined by MALDI is in excellent 
agreement with the LALLS and in good agreement with 
both GPC values. 

The spectrum obtained for sample 6 in the linear 
mode (Figure 3) shows two distributions centered 
around rnlz 95 000 and 190 000. Since this spectrum 
only contains two distributions, it is difficult to tell 
which one corresponds to the singly charged ions. In 
these cases, GPC provides crucial information. Since 
the GPC measurements (Table 1) gave M ,  of 109 000 
and 79000, we conclude that the distribution a t  ap- 
proximately rnlz 95 000 represents the singly charged 
ions and rnlz 190 000 represents the dimer. From this 
singly charged distribution MtUIDI yields a M ,  value 
of 94 400. This same argument was used for sample 5 
(Table 1) where agreement between MALDI and GPC 
is reasonable. Additionally, LALLS on sample 5 gave 
a value of M, = 72 600, comparing well with the MALDI 
value of 77 800. Although the relative detector response 
at  these higher masses has not been directly measured, 
the close agreement between the MALDI and LALLS 
M ,  values suggests that the effect of detector bias is 
minimal. 

It is important to note that in samples 4-6 the 
polydispersity index measured by MALDI is signifi- 
cantly lower than that from GPC. This is probably 
because the GPC data were not corrected for band 
b r~aden ing ,~O-~~  which, according to H a m i e l e ~ , ~ ~  can 
cause the polydispersity index to  be 5-10% above the 
true value. Consideration of this effect would lead to  
reasonable agreement between values determined by 
MALDI and GPC. Furthermore, the MALDI results 
require no correction for this effect and may offer a more 
accurate measurement of polydispersity than GPC. 

In Table 1 it is clear that M ,  determined by MALDI 
is closer to values provided by GPC 2 for the first three 
samples, while values for the last three samples are 
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intermediate between the GPC 1 and GPC 2 results. 
This demonstrates the utility of MALDI to provide 
accurate molecular weight and distribution information 
for those cases where some ambiguity may exist. This 
is corroborated by the light scattering results where 
MALDI is in excellent agreement. In addition, MALDI 
was able to provide specific structural information in 
the form of monomer and end-group composition on the 
first three samples. 

Conclusions 
The analysis of synthetic organic polymers by MALDU 

TOF mass spectrometry provides values for the absolute 
molecular weight as well as shows the entire distribu- 
tion of polymer species. In addition, the amount of 
organic solvents used for this technique (microliters) is 
greatly reduced compared to standard techniques such 
as  GPC (liters). In this case, MALDIPTOF combined 
with GPC provided absolute molecular weights, com- 
position, and end-group information for the poly(buty1 
methacrylate) synthesized by group-transfer polymer- 
ization. MALDUTOF data were obtained from submil- 
ligram quantities of sample and in less than 15 min. 
The information provided by MALDI plays an important 
role in determining properties of a polymer and will be 
particularly important for the analysis of materials such 
as copolymers, grafted polymers, and other highly 
architectured polymers34 for which no standard materi- 
als exist. 
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