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Abstract:  

In experiments presented here, well-characterized polystyrene and poly(methyl methacrylate) 

standards were  analyzed using size-exclusion chromatography and an approach in which the 

mobile phase differed from the solvent in which the polymer was dissolved.  Solvent 

combinations included a mobile phase in which the polymer was insoluble and a mobile phase 

that was immiscible with the solvent. 

It is important to determine the accuracy of molar mass averages and distributions 

obtained from such experiments because the averages and distributions are frequently used in 

industry to give information about physical properties of the analyte.  It is often expensive and 

time consuming to determine the ideal solvent in which to analyze a polymer, and even more 

so to purge the system of the previous solvent and condition it with the new one.  To 

circumnavigate these problems, polymers are sometimes dissolved in a known solvent and 

injected into an instrument containing a chemically different mobile phase, a mobile phase that 

is already in the instrument. 

We found that performing experiments using this industrial approach needs to be done 

with caution.  The molar mass averages and distributions can be determined accurately when 

the mobile phase is a solvent for the polymer and miscible with the solvent, but other cases 

were less conclusive.  Using a mobile phase that is not a solvent for the polymer appears to 

yield accurate results for low molar mass polymers (<20,000 g/mol) but, in some solvent 



combinations, yields exclusively solvent peaks.  It is likely that the larger polymers precipitate 

when the miscible solvent and mobile phase mix and the polymers are adsorbed onto the 

column.   

Experiment set 5, in which the mobile phase was a solvent for the polymer but was 

immiscible with the solvent in which the polymer was dissolved, yielded no peaks in these 

experiments.  It is hypothesized that this lack of peaks is a result of enthalpic interactions 

between the stationary phase, sample solution, and mobile phase.  It appears that the elution 

of the polymer may not be driven by entropic interactions, as is the case in a size-exclusion 

mechanism, resulting in the co-elution of the polymer and the solvent. 
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Chapter 1: Introduction 

Size-exclusion chromatography (SEC) is the most commonly used technique to determine the 

molar mass averages and distributions of analytes, specifically polymers in this project.  The 

purpose of this project is to evaluate the effects of a solvent/non-solvent approach on these 

averages and distributions.  This approach is not uncommon in industry and involves the use of 

a mobile phase that is chemically different than the solvent in which the polymer is dissolved. 

The solvent/non-solvent approach is discussed in more detail below. 

 Size-exclusion chromatography is a size-based separation technique.  A dissolved 

analyte is injected into the system and carried through a chromatographic column, or set of 

columns, by a liquid mobile phase.  The column is packed with a non-interacting, porous 

support phase.  As the analyte solution flows through the column, the analyte samples a 

characteristic amount of the pore volume based on the solvated size of the polymer.  Large 

analytes sample less pore volume than do smaller analytes, so the large analytes elute from the 

column first.  The elution is recorded by a detector, in this project a differential refractometer 

(DRI). This detector measures the difference between the refractive index of the eluted 

material flowing through a sample cell and that of the mobile phase flowing through a 

reference cell.  Chromatographic peaks of retention time or volume versus detector response 

(in millivolts) are obtained using this detection method.  In order to calculate the molar mass 

averages and distributions from these peaks, a calibration curve must be made using standards 

of known molar mass.  



 Molar mass distributions can be obtained from this calibration curve and can be used to 

calculate statistical moments known as M averages, notably Mw, Mn, and Mz.  These statistical 

moments provide information about the processing and end-use properties of the analyte for 

which they were calculated, so it is important that the calculated values are accurate.  The Mn is 

the moment at which the number-average molar mass is located on the distribution curve and 

is calculated by [4] 

                     

 where N is the total number of polymer chains present, i references an infinitesimally small 

volume of the chromatogram, h is the height of the chromatogram at that volume, and M is the 

molar mass eluted at that volume. [4] If this datum is incorrect, it then provides false 

information about the flow properties of the material.  The MW is the statistical moment at 

which the weight-average molar mass is located and provides information about tensile 

strength and hardness.  It is calculated using [4] 

                      . 

The Mz moment gives information about the flex properties of polymers and is calculated by [4]                 . 

The polydispersity is equal to Mw/Mn, and is a measure of how narrowly or broadly the molar 

masses are distributed.   



 As afore mentioned, the solvent/non-solvent approach involves using a mobile phase 

that is different from the sample solvent.  This occurrence is frequent enough in industry –due 

to the large amount of time and product required to change the mobile phase– that we 

believed it warranted investigation.  The solvent/non-solvent approach is also used to increase 

the signal-to-noise ratio of an analyte in solution with a refractive index similar to that of the 

neat solvent.  Because the detector is a differential refractometer, when the dissolved analyte 

has a refractive index similar to that of the neat solvent, the difference between them, and 

consequently the signal-to-noise ratio, is low.  This approach was evaluated by W. S. Wong and 

colleagues, who analyzed a polyhydroxy alkonate dissolved in THF with a chloroform mobile 

phase. [2]  It is clear from the figure below (Figure 1) that this experiment produced better a 

better signal-to-noise ratio than when chloroform was also used as the sample solvent.  The 

molar mass averages and distributions were not published, however, so the effect that the 

solvent combination had on these values cannot be determined.  Previous publications on this 

industrial approach are limited but argue that the accuracy of the obtained data and 

calculations was increased as a result of a higher signal-to-noise ratio produced by the 

solvent/mobile phase combination with a larger difference between the refractive indices of 

the neat mobile phase and the sample solution. 

 

 

 

 



 

Figure 1.  Polyhydroxy alkonate (Mirel) analyzed in THF and chloroform, each with chloroform 

as the mobile phase. 
[1] 

Figure 1 is the plot of retention volume (mL) versus light scattering intensity (a.u.). The units of 

dn/dc are mg/mL. 

The different solvent/mobile phase combinations for this project were: 

1. A mobile phase that is a solvent for the polymer and is miscible with the sample 

solvent 

2. A mobile phase that is not a solvent for the polymer but is miscible with the 

solvent 

3. A mobile phase that is a solvent for the polymer but is not miscible with the 

sample solvent 



 Using a combination of solvent and mobile phase will always yield results, but it is 

possible that the results will be skewed, inaccurate, or even unusable.  The ternary interaction 

between solvent, mobile phase, and polymer can affect sampling of the pore volume and, 

thereby, change the elution time.  The ternary interaction might also lead to enthalpic, non-

size-exclusion, effects during the separation.  In order to determine the level of accuracy 

obtained from an experiment, it would be necessary to compare the molar mass averages and 

distributions obtained from well-characterized standard samples analyzed in a particular 

solvent/mobile phase combination to the molar mass averages and distributions of the same 

standards analyzed in a typical experiment where the sample solvent and mobile phase are the 

same.  This comparison would illustrate the level of accuracy that can be obtained from that 

particular combination of solvent and mobile phase. 

  



Chapter 2: Experimental 

All of the experiments in this project were performed using a 300 x 7.5 mm PLgel column with  

5 μm packing particle diameter and  104  Å pore size, connected to a Waters 2695 Separations 

Module and a Wyatt Optilab rEX differential refractive index detector.  The experiments were 

each performed in triplicate at 1 mL/min and 30° C.  The concentration of all solutions was 1 

mg/mL.  Toluene was used as the flow rate marker in all experiments.  The solvent/mobile 

phase combinations of each set of experiments discussed here are given in Table 1. 

 The analytes in these experiments were a range of narrow polydispersity polystyrene 

(PS) standards.  The polystyrenes used for calibration had molar masses of 8,450; 19,760; 

70,950; 102,000; 355,000; 538,000; and 775,000 g/mol and dispersities given in Table 2.  Three 

narrowly disperse polystyrene standards were analyzed individually using this calibration curve, 

namely PS 49,170; 197,300; and 723,000 g/mol.  The PS 49K and PS 197K were analyzed as one 

blend, and the PS 49K and PS 723K were analyzed as a second blend.  Both blends were 50:50 

based on 1 mg/mL solutions of each polymer.  In a traditional experiment (same solvent as 

mobile phase) these two blends produced overlapping chromatograms and very well separated 

chromatograms, respectively.  A broadly disperse polystyrene standard was also analyzed and 

had an Mp of 729,000 g/mol.  The polydispersity given by the manufacturer was 1.68. 

 The original set of experiments included analysis and calibration in cyclohexane, but for 

reasons left unexplored the analysis of polystyrene standards for the construction of a 

calibration curve did not yield usable results.  Cyclohexane was chosen for a variety of reasons.  

The solvent was easily accessible, as there were already a few bottles in the laboratory, and it is 



reportedly a solvent for polystyrene, a well-characterized polymer that was also available in the 

laboratory.  A new set of experiments was designed following the same guidelines and is 

outlined in the following table.   

Table 1.  Solvent and mobile phase combinations 

Experiment Set # Solvent (S)  Mobile Phase (MP)  Miscibility (M/I) 

1 
Dimethylformamide 

(DMF) (S) 
DMF (S) M 

2 
Tetrahydrofuran 

(THF) (S) 
DMF (S) M 

3 THF (S) 
Dimethyl sulfoxide 

(DMSO) (NS) 
M 

4 DMF (S) DMSO (NS) M 

5 DMF (S) Hexane (S) I 

  

S and NS indicate whether the compound is a solvent or nonsolvent for polystyrene, 

respectively, and M and I indicate whether the solvent and mobile phase are miscible or 

immiscible, respectively. 

In order to verify the accuracy of the hypothesis concerning the use of a non-solvent 

mobile phase that is miscible with the sample solvent, a third set of experiments was 

performed using poly(methyl methacrylate) standards in a combination where acetone was the 

solvent and acetonitrile, a non-solvent miscible with acetone, was the mobile phase.  The 

poly(methyl methacrylate) standards were chosen to have a range of molar masses comparable 

to the range of molar masses of the polystyrenes analyzed.  This set of experiments was also 

performed to determine whether results could be improved by using solvents with more similar 



viscosities than those of DMF and DMSO.  The viscosities of DMF and DMSO are 0.92 and 2.24 

cP, respectively, while the viscosities of acetone and acetonitrile are 0.36 and 0.38 cP, 

respectively. [5] 

  



Chapter 3: Results and Discussion 

The original set of experiments designed for this project included the use of cyclohexane as the 

calibration solvent.  Many of the polymer standards did not yield chromatographic peaks under 

these conditions.  It was hypothesized that the polymers may have precipitated out of solution 

due to low temperature (30°C), so the solutions were heated to 50°C, well above the theta 

temperature.  The theta temperature is a slight misnomer in that it refers to a set of conditions 

specific to an analyte/solvent combination. This set of conditions describes the state at which 

the analyte is about to precipitate out of solution.  For polystyrene in cyclohexane, the theta 

temperature is about 35°C. [6]  The results were still peak-deficient, but the reasons for the lack 

of peaks were left unexplored.  A second set of experiments was then designed.   

 DMF was also readily available in the lab, and we were able to design experiments that 

followed the same miscibility and solvent patterns as in the original set using DMF as the 

control solvent instead of cyclohexane.  Experiment 1 of the new set (Table 1) was the 

construction of a calibration curve in DMF.   
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Figure 2.  Calibration curve calculated from polystyrene standards dissolved in DMF and 

analyzed in a DMF mobile phase. 

The calibration curve was third-order and had a correlation coefficient of R2 = 0.997.  

Statistical moments, dispersities, and retention volumes of the seven narrow dispersity 

polystyrene standards used to construct the calibration curve are given in Table 2.  The 

dispersity, PD, is calculated as PD = Mw/Mn. 

 

 

 



Table 2.  Statistical moments of calibration polystyrene standards 

Mp 
[a] 

(g/mol)  
Mp (g/mol) Mn (g/mol)  Mw (g/mol) PD 

Retention 
Volume 

(mL) 

8450 8520±0 8200±5 8530±10 1.04±0.0014 8.83 

19760 19370±40 18850±10 19370±20 1.03±0.0012 8.31 

70950 71200±0 68130±370 69670±130 1.02±0.0058 7.16 

102000 102000±0 99100±90 101000±80 1.02±0.0012 6.75 

355000 370000±0 355000±470 363000±220 1.02±0.0015 5.27 

538000 495000±910 463000±7200 483000±3000 1.04±0.0174 5.00 

775000 795000±2000 686000±1800 728000±1000 1.06±0.0031 4.60 

[a] Data from manufacturer 

 

Experiment set 2 was also used as a type of control.  THF is a solvent for polystyrene and 

is completely miscible with DMF.  The resulting molar mass averages and distributions were 

expected to be similar to those resulting from experiment set 1. 

 

Figure 3.  Log molar mass (g/mol) vs. differential weight fraction of PS 102,000 g/mol 

dissolved individually in DMF (S) and THF (S), each analyzed in DMF (MP) 



As expected, the results were very similar.  (Note that the dissimilarity in appearance 

between the molar mass distributions in Figure 2 is due to the narrow abscissa range 

displayed.)  The differential molar mass distribution of the DMF (S)/DMF (MP) combination has 

a better signal-to-noise ratio than the THF (S)/DMF (MP) combination, but the produced peaks 

are similar enough that this combination could be used if the combination did increase the 

signal. 

It is clear from Table 3 that the results from the THF (S), DMF (MP) experiment 

(experiment set 2) were quite similar to those performed in DMF (S), DMF (MP).  All of the 

values in Table 3 were obtained using the calibration curve in Figure 2. 

Table 3.  Comparison of statistical moments (in g/mol) of the narrow dispersity analytes 

analyzed individually employing DMF or THF as the solvent, both employing DMF as the 

mobile phase (M averages are in g/mol) 

PS 49,170  Mw
 Mn  Mz  PD 

DMF 51,310±260 50,220±180 52,280±470 1.02±0 

THF 51,340±250 49,420±230 53,310±480 1.04±0 

  
   

  

PS 197,300  Mw  Mn  Mz  PD 

DMF 200,500±1100 194,800±680 205,600±1300 1.03±0 

THF 205,600±240 200,200±1000 210,700±130 1.03±0 

  
   

  

PS 723,000  Mw  Mn  Mz  PD 

DMF 645,000±2300 617,000±10000 677,000±5700 1.05±0 

THF 642,000±5900 598,000±12000 686,000±2700 1.07±0 

 



The next step in this study was to employ a mobile phase that is not a solvent for the 

polymer.  Continuing to use DMF as the sample solvent, the experiments in set 3 were 

performed with dimethyl sulfoxide, DMSO, as the mobile phase.  DMSO is not a solvent for 

polystyrene but is miscible with DMF. 
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Figure 4.  Chromatograms of polystyrene analytes dissolved in DMF (S) with DMSO as the 

mobile phase 

It can be seen in Figure 4 that the three lower mass polystyrenes (8,450; 19,760; and 

70,950 g/mol) yielded chromatographic peaks while the larger two (102,000 and 355,000 



g/mol) did not.  The 70,950 g/mol peak was analyzed, but the statistical moments calculated for 

it were not accurate.  The two lowest molar mass polymers gave results that were in the same 

range as those calculated from the control experiments, but they are not accurate enough to be 

used with confidence (Values are deemed usable when they are within 10% of accepted 

values). 

The polymers analyzed in this experiment (set 3) that were larger than 355,000 g/mol 

produced only a solvent peak as well.  The same experiment was performed with THF as the 

solvent to determine if the lack of peaks was related to DMF, but with THF as the solvent none 

of the analytes, including those with molar mass less than 20,000 g/mol, yielded sample peaks. 

Table 4. Statistical moments,* in g/mol, of low molar mass polystyrenes in DMF (S), DMSO (MP)  

  PS 8,450** PS 19,760** 

Mn   13,030±1000 13,600±3600 

Mw 21,830±5000  17,650±1200 

Mz   45,210±17000 24,150±500 

PD  1.67±0.403 1.30±0.355 
 

*These values were obtained using the calibration curve in Figure 2. 

** Mp  given by manufacturer (g/mol) 

 

 

 

 



 

  Figure 5.  Log Molar mass (g/mol) vs. differential weight fraction of two low molar 

mass polystyrenes dissolved in DMF (S) and analyzed in DMSO (MP) 

 

This plot of the log of the molar masses vs. the differential weight fractions of the two lowest 

molar mass polystyrenes (Figure 5) gives atypical results.  The peaks in control experiments 

were Gaussian distributions and were centered at the log of the Mp, while each of these peaks 

is bimodal.  The PS 8540 g/mol has the smaller peak centered at about 3.9 which is the log of 

8540, and the PS 19760 g/mol has the larger peak close to the log of the molar mass (4.29).  

This suggests that the resulting distributions are in the same range as the actual distributions, 

but the distributions are not accurate enough for application. 

It was originally hypothesized that the larger molar mass polystyrenes precipitated out 

of solution after coming in contact with the DMSO due, in part, to the large viscosity difference 

between the two solvents.  The polymer in solution with a low viscosity solvent, namely DMF, 

would not be able to diffuse into the higher viscosity solvent, DMSO, as easily as it could diffuse 

into a similar or lower viscosity solvent, despite the solvents being miscible.  DMF has a 

viscosity of 0.92 cP, and DMSO has a viscosity of 2.24 cP.[5]   This solvent/mobile phase 



combination (non-solvent mobile phase that is miscible with the sample solvent) was further 

investigated using poly(methyl methacrylate) standards.   Acetone was used as the sample 

solvent, and acetonitrile was used as the mobile phase.  The viscosities of these two solvents 

are 0.36 and 0.38 cP, respectively, a much smaller difference between the viscosities of the 

solvent and mobile phase in the case of DMF and DMSO.[5] 
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Figure 6.  Poly(methyl methacrylate) analytes dissolved in acetone (S) with  acetonitrile as the 

mobile phase  

Despite the similarities in the viscosities of these two solvents, the acetone/acetonitrile 

combination yielded even fewer usable chromatograms than did the DMF (S), DMSO (MP) 

experiment.  It can be concluded that the inability of the larger polymers to transfer from the 



sample solvent to the mobile phase was not due to the large viscosity difference between 

sample solvent and mobile phase. 

Another aspect of this project was to analyze the results obtained when employing a 

mobile phase that is immiscible with the sample solvent (experiment set 5).  Hexane is a solvent 

for polystyrene, but it is immiscible with DMF, so this combination was analyzed using hexane 

as the mobile phase and DMF as the sample solvent.   
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Figure 7.  Chromatograms of polystyrene standards dissolved in DMF (S) with Hexane as the 

mobile phase 



The results obtained from this experiment set (experiment set 5) were completely 

unusable from the point of view of the molar mass averages and distributions obtained.  The 

entire range of polystyrene molar masses yielded very similar chromatograms.  Without further 

experimentation, the cause of this similarity between chromatograms is uncertain, but it is 

hypothesized that enthalpic interactions were involved.  It is unlikely that the polymer adsorbed 

onto the column because the mobile phase, hexane, is reportedly a good solvent for the 

polymer, polystyrene.  Some amount of the polymer likely partitioned into the hexane mobile 

phase while the remaining amount stayed in DMF solution.  Because all of the chromatograms 

in Figure 7 had peaks at the same retention volume, it would appear that the sample solution 

encountered total exclusion from the porous packing material; however, even if total exclusion 

occurred there must have been an effect other than size-exclusion on elution because the 

solvent peak occurs at a retention volume that is about 3mL larger than that of the toluene 

peak.  Toluene was chosen as the flow rate marker because it is totally excluded in the column, 

so anything eluting at a higher retention volume than toluene would have to be eluting by a 

non-size-exclusion mechanism.  The most likely explanation for the large retention volume of 

the solvent is that its elution was affected by enthalpic interactions, rather than the entropic 

interactions that lead to size-based separations. 

 

  



Chapter 4: Conclusions and Future work 

It can be concluded that using a mobile phase that is a good solvent for the analyte and is 

miscible with the sample solvent produces accurate molar mass averages and distributions.  

This solvent/mobile phase combination can be used freely in analysis, although it should only 

be used to increase the signal-to-noise ratio.  If the signal-to-noise ratio obtained when the 

sample solvent and mobile phase are the same is acceptable, then the solvent and mobile 

phase should be kept the same because it yields more accurate results.  

Using a non-solvent as the mobile phase can produce accurate results for low molar 

mass polymers, but using a non-solvent as a mobile phase that is miscible with the sample 

solvent must be done with caution.  Experiments should be performed to determine the range 

of usable molar masses for a specific solvent/mobile phase combination.  It appears that the 

accuracy of this type of solvent/mobile phase combination is independent of the difference in 

viscosities of the solvents, but this needs to be investigated further.  The lack of results for this 

type of experiment is likely due to the polymer precipitating out of solution upon reaching the 

non-solvent and adsorbing onto the column. 

A mobile phase that is immiscible with the sample solvent but is a solvent for the 

polymer did not yield any usable results.  It is likely that the polymer, solvents, and stationary 

phase were affected by enthalpic interactions.  This explains the elution times and patterns 

being equivalent for each size polymer.  In either case (a non-solvent mobile phase or a mobile 

phase that is immiscible with the sample solvent) further experimentation must be performed 

in order to be conclusive. 



Future experiments should include the analysis of smaller molar mass polymers.  For our 

study, only two molar masses of polymer gave usable results in the non-solvent mobile phase, 

so it would be useful to explore other molar masses below that limit.  It would also be useful to 

perform experiments with a wider variety of solvent/mobile phase combinations that fit into 

these categories.  Performing these experiments would give a more complete set of data, 

leading to more conclusive results.  Future work with the immiscible solvent combinations 

should include experiments at several temperatures.  The effect of temperature on the 

chromatograms could support or disprove the hypothesis that the solvent and polymer eluted 

as a function of enthalpic interactions.  Entropic interactions are theoretically independent of 

temperature, but enthalpic interactions are not.  If enthalpic interactions are affecting the 

elution of the polymer solution, changing the temperature would change the resulting 

chromatogram, but if there is not an enthalpic effect on elution, the chromatograms should not 

change with changing temperature. 
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