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Gold nanoparticles (AuNPs) with a protecting monolayer of gold-thiolate complexes have become an
important nanomaterial for applications in medicine, catalysis, and electronics, among others. The use of
heterogeneous ligand mixtures for precise functionality control has become commonplace, increasing the
need for a fast and facile method for characterizing mixed monolayer-protected AuNPs. Using the recently
developed methodology for the surface characterization of AuNPs by ion mobility-mass spectrometry (IM-
MS), we have developed a new strategy for the measurement of the relative amounts of mixed ligand
compounds in the protecting monolayer. This strategy was applied to AuNPs with three binary ligand
mixtures: tiopronin:glutathione (avg. diam. 2.5 nm), octanethiol:decanethiol (avg. diam. 3.6 nm), and
tiopronin:11-mercaptoundecyl(poly ethylene glycol) (avg. diam. 2.5 nm). For validation purposes, the
results obtained for tiopronin:glutathione AuNPs were compared to parallel measurements using nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry (MS) without ion mobility separation.
Relative quantitation measurements for NMR and IM-MS were in excellent agreement, with an average
difference of less than 1% relative abundance. IM-MS and MS without ion mobility separation were not
comparable, due to a lack of ion signals for MS. The other ligand mixtures provide examples of
measurements which cannot be performed using NMR spectroscopy.



I. Table S1. Sample peak list from 56:44 Tio:GS AuNPs.

Matched m/z Au Tio GS Ester Na H Counts Mass error (ppm)

Matched m/z Au Tio GS Ester Na H Counts Mass error (ppm)

711.04] 1] 1] 1 0] 2] 0] 3845 6.9
71899 2 2] © 0] of 1] 5897 3.7
72199 2| 0of 1 0] 1]-1] 3978 -2.4
725.06] 1] 1] 1 1 2| 0] 92.76 27.5
733.03 1] 1] 1 0] 3|-1] 2817 13.1
74097 21 2] O 0]l 1|10 140 1.5
74397 2| 0] 1 0] 2[-2]| 2684 -2.4
747.04f 1] 1] 1 1| 3|-1] 56.78 17.2
755.01 1] 1] 1 0] 4]-2] 4123 3.5
76295 2 2] 0 0] 2[-1] 184.2 -3.3)
769.02 1] 1] 1 1| 4]-2] 77.61 2.7
77699 1] 1] 1 0] 5|-3] 660.7 -4.1
78493 2 2] 0 0] 3[-2| 2073 1.9
855.10 1] 0] 2 0] 2/ 0] 1213 -8.9
863.04f 2| 1] 1 0] O] 1] 2873 -0.3
877.08] 1] 0] 2 o] 3[-1] 2127 -13.8
885.02 2| 1] 1 0] 11 0] 719.2 -2.5
899.06] 1] 0] 2 0] 4]-2| 3171 -7.0
907.00f 2 1] 1 0] 2[-1] 623.6 -2.3]
921.04f 1] 0] 2 0] 5|3 409 -4.9
92598 2| 3] O 0] 2] 0] 3398 8.8
928.99] 2| 1] 1 0] 3[-2| 3759 -0.3]
940.00f 2| 3] O 1 2] 0] 61.39 1.9
943.03] 1] 0] 2 0] 6[-4] 556.8 -8.3)
95097 2 1] 1 0] 4[-3] 3333 6.9
954011 2| 3] O 2| 2| 0] 38.65 -4.0
95891 3] 2] © 0] 2[-2]| 7893 -5.4
961.98] 2 3] © 11 3|1 45.2 20.1
97292 3] 2] O 1 2]-2] 37.53 18.6)
97599 2 3] © 2| 3|-1] 51.66 -6.6)
98396 2| 3] O 1| 4]-2] 5749 -8.6
99193 2| 3] O 0] 5|8 35.6 2.7
99798 2 3] O 2| 4]-2| 26.97 24.0
1007.09] 2| Of 2 0] O] 1] 117.2 8.5
1019.96] 2| 3| 0 2| 5]-3] 32.93 -27.1
1029.07] 2| O] 2 of 1fo 342 1.5
1051.06| 2| Of 2 0] 2|-1] 304.6 5.0
1059.00f 3] 1| 1 0] 0] 0] 2285 4.8
1070.03| 2| 2| f 0] 2] 0] 5857 -16.0
1073.04] 2| 0Of 2 0] 3]-2] 2349 5.2
108098 3] 1| 1 0] 1]-1] 3447 0.9
1095.02| 2| O] 2 0] 4[-3] 1857 6.2
1099.96] 3] 3| 0 0] 1] 0] 1403 1.5
110296 3| 1] 1 0] 2[-2] 266.9 -1.9
111397 3| 3| O 1 1] 0] 75.78 8.3
1117.000 2| Oof 2 0] 5]-4] 2441 8.1
112494 3| 1] f 0] 3[-3] 77.28 12.7
1128.01| 2| 2| f 11 4]-2] 96.92 3.1
113598 2| 2| 1 0] 5]-3] 66.66 -1.0
113896 3| 1] 1 11 3|-3] 28.19 -14.0
115796 2| 2| f 0] 6]-4 88.6 8.8
1203.05] 3] Of 2 0] 0O 445 6.2
1214.09] 2| 1] 2 0] 2] 0] 2525 23.9
1225.03| 3| 0] 2 o] 1[-1] 2873 13.3
1236.07] 2| 1] 2 0] 3]-1] 30.14 10.3]
124401 3| 2| 1 0] 1] 0] 196.8 8.4
1247.02] 3] Of 2 0] 2|2 1719 10.9
1268.05] 2| 1] 2 0] 4]-2] 99.28 -4.5
126599 3| 2| 1 0] 2[-1] 65.39 12.6
1269.000 3] 0Of 2 0] 3|-3] 58.29 16.7]
1273.93] 4] 3| O 0] 0] 0] 129.2 11.5
1280.03] 2| 1| 2 0] 5]-3] 36.99 20.6

128797 3| 2| 1 0] 3[-2| 1408 -7.4
129098 3| O] 2 0] 4[4 7165 0.0
1301.99] 3] 2| 1 1] 3]|-2] 96.53 2.6
1309.96] 3| 2| 1 0] 4[-3] 25.49 -4.8
131790 4] 3| O 0] 2[-2] 41.83 25.7
132397 3] 2| 1 1] 4]-3 39.5 3.2
133194 3| 2| f 0] 5[-4] 1157 -3.7]
1345.93] 4] 3| 0 2| 2|-2| 45.98 7.7
1388.06] 3] 1] 2 0] 11 0] 166.5 6.5
1402.08] 3| 1] 2 1 1] 0] 31.09 1.2
1410.05| 3] 1| 2 0] 2|-1] 69.58 18.8
1417.99| 4] 2| 1 0] 0O 239 -3.3
1432.03| 3| 1] 2 0] 3]-2 142 -2.9
1436.96] 4] 4 O 0] O] 1] 59.47 -9.7
1439.97| 4] 2| 1 0] 1]-1] 111.2 3.2
1454.01| 3| 1] 2 0] 4[-3] 87.43 3.1
1458.95| 4| 4 O 0] 1|10 1235 -1.8
146195 4| 2| 1 0] 2[-2| 8271 -3.3)
147296| 4| 4 O 1 1] 0] 8113 3.6
1475.97] 4] 2| 1 1 2]-2] 201.7 1.8
148093 4| 4 O 0] 2[-1] 4716 6.5
148698 4| 4 O 2| 1] 0] 2515 18.3
1490.01] 3] 1] 2 1| 5|-4] 77.46 4.9
149494 4| 4 O 11 2|-1] 229.8 1.6
149795 4| 2| d 1] 3|-3] 34.58 -10.4
1502.91] 4] 4 O 0] 3|-2] 2423 12.8
150592 4| 2| d 0] 4[-4] 3894 19.1
150896 4| 4 O 2| 2|-1] 64.49 -5.9
1516.93] 4] 4 0 1 3]-2] 1176 22.8
1524.89| 4| 4 0 0] 4[-3] 186.9 14.5
1530.94] 4] 4 O 2| 3|-2| 2349 -22.1
153212 3] 0Of 38 0] 1] 0] 59.69 2.5
153891 4| 4 O 1] 4|-3] 1547 15.5
1562.04] 4] 1| 2 0] 0] 0] 519.9 5.5
1576.06] 4] 1] 2 1 0] 0 169 -19.0
1581.02| 4| 3| 1 0] of 1] 5109 3.2
1584.02| 4] 1| 2 0] 1]-1] 204.6 1.0
1595.03| 4] 3| 1 1 0] 1] 215.8 11.2
1598.06| 3| 0] 3 0] 4[-3] 76.65 3.2
1603.00f 4] 3| 1 0] 11 0] 2135 -4.1
1606.00f 4] 1| 2 0] 2|2 1984 8.5
1617.02| 4| 3| 1 11 110 1182 0.9
1620.02] 4] 1] 2 1 2]-2 178 4.5
1624.98| 4| 3| 1 o] 2[-1] 9771 1.0
162799 4| 1] 2 0] 3[-3] 65.79 10.2
1631.03] 4] 3| 1 2| 1] 0f 204.6 9.9
163292 5| 4 O 0] 0] 0] 56.54 20.8]
1639.00f 4| 3| 1 1 2|-1] 3774 8.2
1642.00] 4] 1] 2 1 3]-8 96 -0.6
1646.96] 4| 3| 1 0] 3[-2| 5583 4.1
1649.97| 4| 1] 2 0] 4[-4] 4417 13.3
1653.01] 4] 3| 1 2| 2|-1| 48.73 9.1
166098 4| 3| 1 11 3|-2] 2074 10.6
1663.98| 4| 1] 2 11 4|-4] 76.24 24.4
1668.95| 4| 3| 1 0] 4]-3] 3173 6.7
167195 4| 1] 2 0] 5]-5 72.9 -2.5
1676.89] 5] 4 0 0] 2|-2] 22.03 -15.8
1682.96] 4| 3| 1 1] 4]-8] 1775 7.9
169093 4| 3| 1 0] 5[-4] 1979 21.4
1704.94] 4] 3| 1 1| 5]-4] 106.7 28.1
171291 4] 3| 1 0] 6]-5| 1164 12.2
1725.07] 4] 2| 2 0] O] 1] 451.6 12.1




I. Sample peak list (cont.)

Matched m/z Au Tio GS Ester Na H Counts Mass error (ppm)

1728.08] 4| O] 3 o] 1[-1] 1165 -29.3
1739.09] 4| 2| 2 1 0] 1] 164.2 -15.9
1747.05] 4] 2| 2 0]l 110 1888 -3.8
1750.06] 4] Of 3 0] 2|-2] 185.9 1.8
1753.10f 4| 2| 2 2] 0] 1] 25.52 3.5
1761.07] 4] 2| 2 1 1] 0] 75741 4.5
1769.03] 4] 2| 2 0] 2]-1] 951.2 1.7
1772.04] 4 O] 3 0] 3[-3] 80.19 2.7
1775.08] 4| 2| 2 2] 1] 0] 738.25 7.8
1776.98] 5] 3| 1 0] 0] 0] 25.69 -17.8
1783.05 4] 2| 2 1 2[-1] 308.8 -0.2
1791.02) 4| 2| 2 0] 3[-2| 5876 3.3
1798.96] 5] 3| 1 0] 1]-1] 28.62 3.9
1805.03] 4] 2| 2 1 3[-2] 159.4 2.9
1813.00f 4| 2| 2 0] 4[-3] 3186 4.0
1816.00f 4| O] 3 0] 5[-5] 21.29 -3.2
181794 5| 5 0 0] 11 0] 6748 6.2
182094 5| 3| 1 0] 2[-2] 40.16 -10.6
1827.01] 4| 2| 2 1] 4]-3] 94.41 21.7
183195 5| 5 0 1] 1] O] 35.06 7.4
1834.98] 4| 2| 2 0] 5]-4] 1385 6.0
183992 5| 5| O 0] 2[-1] 23.49 5.4
184597 5| 5 O 2] 1] 0] 33.41 -7.8
1853.93] 5| 5 0 1 2[-1] 30.33 -14.8
1856.96] 4| 2| 2 0] 6]-5] 40.76 26.3
186190 5| 5/ O 0] 3[-2| 2291 20.2
1869.12) 4| 1| 3 0] 0] 1] 180.7 15.2
1883.14] 4] 1] 3 1 O] 1] 51.68 -12.0
1891.11] 4| 1] 3 0] 1] 0] 890.8 2.9
189790 5] 5 0 1] 4]-3| 27.65 29.8
190512 4] 1| 3 1 1] 0] 210.7 2.9
1913.09] 4| 1] 3 0] 2[-1] 4404 8.4
1921.03] 5| 2| 2 0] 0] 0] 80.66 -10.9
192710 4] 1| 3 1 2[-1] 86.27 12.2
1935.07] 4] 1| 3 0] 3|-2] 2634 0.7
195705 4| 1] 3 0] 4[-3] 1304 7.5
1961.99] 5] 4f 1 0] 1] 0] 1489 7.0
1976.00f 5] 4f 1 1 1 0] 11041 10.6]
1983.97] 5| 4| 1 0] 2[-1] 66.09 6.3
2001.02] 4] 1] 3 0] 6[-5| 55.38 3.2
2005.95] 5| 4| 1 0] 3]-2] 63.98 22.9
2019.97] 5| 4] 1 1] 3|-2] 30.86 2.3
2035.16] 4] 0] 4 0] 1] 0] 201.2 -3.0
2057.14] 4 0] 4 0] 2|-1] 64.86 -16.0
2065.08] 5[ 1] 3 0] 0] 0] 29.51 17.3
2079.10] 5] 1] 3 1 0] 0] 76.51 4.5
2079.84] 6] 5] 0 0] 4[-4] 2192 -12.5
2084.06] 5[ 3] 2 0] O] 1] 29.31 7.7
2098.08] 5| 3| 2 1 0] 1] 24.73 18.6
2101.11] 4] 0] 4 0] 4[-3] 2452 221
2106.04] 5[ 3] 2 0] 1] 0] 1358 -7.9
2109.05| 5[ 1] 38 0] 2]-2] 35.59 9.6
2120.06] 5| 3| 2 1 1] 0] 81.07 9.8
2123.09] 4 0] 4 0] 5]-4] 33.86 15.2
2128.02] 5[ 3| 2 0] 2]-1] 102.1 8.6
2145.07] 4] 0] 4 0] 6]-5] 31.75 20.9
2150.01] 5] 3| 2 0] 3[-2| 68.95 0.6
2164.02] 5[ 3] 2 11 3[-2| 29.85 -0.3
2167.03] 5[ 1] 3 1] 4[-4] 37.23 20.6
2190.94] 6] 6] 0 1] 1] 0] 20.96 171
2193.97] 5| 3| 2 0] 5]-4] 29.49 26.4
2196.97] 5] 1] 3 0] 6[-6] 19.16 0.8




II. Characterization of AuNPs: TEM, UV-Vis, and TGA analysis

Figure S1. Transmission electron microscopy images of Tio and OT AuNPs. Average core diameters were

measured to be 2.5 + 0.6 and 3.6 + 1.5 nm, respectively.
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Figure S2. UV-Vis spectrum of Tio and OT AuNPs. A surface plasmon band (centered at approximately 520 nm)

was observed for OT AuNPs, but not for Tio AuNPs.



II. Characterization of AuNPs: TEM, UV-Vis, and TGA analysis (cont.)
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Figure S3. Thermal gravimetric analysis of Tio and OT AuNPs. The organic mass fraction of the two samples

were measured to be 35.3% and 29.0%, respectively. The results for pure tiopronin are shown for comparison.

The two-stage decomposition of the tiopronin and AuNPs do not represent impurity; each AuNP sample was

inspected for purity by NMR prior to usage.



III. NMR spectra
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Figure S4. NMR spectra of Tio:GS AuNPs, free glutathione, and free tiopronin. This portion of the NMR
spectrum was used for relative quantitation of tiopronin and glutathione on the monolayer-protected AuNP
surface. The peak between 1.9 and 2.3 corresponds to glutathione, the peak below 1.9 corresponds to tiopronin.
Integration was performed for each peak starting from the outside edge of the peak to the minimum between the

two.



IV. Analysis of relative quantitation using only AuyL, ions
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Figure S5. Regression (left) and Bland-Altman (right) plots comparing NMR and MALDI-IM-MS measurements
of Tio:GS ratios using only AusL, ions, expressed as a molar percentage of glutathione. Using only Auyl, ions
makes the quantitation measurement quicker and more facile, but yields poorer results than using all gold-thiolate

ions (Figure 3).



V. Other Mass Spectra and Ion Mobility-Mass Spectra
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Figure S6. Ion mobility-mass spectrum of 86:14 Tio:MUPEG AuNPs.
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Figure S7. Mass spectra of selected Tio:GS AuNPs, with ratios shown on the right. AuNPs with low amounts of
glutathione tend to yield only the most dominant ion from the equivalent IM-MS spectrum. Peaks below 1200

m/z are unidentified ions, likely organic cluster ions or fragmented and rearranged gold-thiolate ions.



V. Other Mass Spectra and Ion Mobility-Mass Spectra (cont.)
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Figure S8. Ion mobility-mass spectrum of a mixture of 2 nm bare gold AuNPs and free tiopronin, with the mass

spectrum of the extracted gold-thiolate region shown inset. The solution was spotted and dried immediately after

combination to prevent gold-thiol bonding in solution. No signals are seen in the gold-thiolate ion region,

establishing that the gold-thiolate complexes investigated here do not form in the gas phase.



V. Other Mass Spectra and Ion Mobility-Mass Spectra (cont.)
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Figure S9. Ion mobility-mass spectrum of AuNPs with a quaternary ligand system. Measured molar percentages

of the four ligands are shown above.



VI. Place-Exchange Reaction Parameters

Octanethiol (OT):| Tiopronin (Tio): | Tiopronin (Tio):
Decanethiol (DT) | Glutathione (GS) (MUPEG)
Feed Ratio Time |Feed Ratio Time Feed Ratio Time
1:1 8h 71 1h 4:1 3d
1:1 24h 5:1 1h 1:1 3d
1:2 24h 3:1 1h 1:4 3d
1:5 8h 1:1 1d
1:5 24h 1:1 1d
1:10 24h 1:2 3d
1:60 7d
1:60 7d

Table S2. Feed ratio (original ligand:alternate ligand, as listed in headings) and time elapsed for place exchange
reactions in this report. Amount of original ligand estimated from TEM and TGA data. Listings are ordered from
least exchange (top) to most exchange (bottom), for comparison to Table 1. A comparison of feed ratios to
measured ratios on the final AuNP product reveals a generally incomplete exchange, with the original ligand

being favored in the final product. The only exceptions are Tio:GS AuNPs at low amounts of glutathione added.



