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Details on Interatomic Potentials and Computed Adsorption Energies Using Two 

Independent Force Fields (CHARMM-METAL and CVFF-METAL) 

In addition to the CHARMM2232–METAL22 force field (Figure 1), we employed 

the CVFF33-METAL22 force field for further validation of computed adsorption energies 

(Figure S1). The biomolecular force field CHARMM has been thoroughly validated with 

respect to molecular conformations and cohesive energies,32 whereas the biomolecular 

force field CVFF33 is a decade older and the quality of parameters is not as high, in part 

related to the availability of much less powerful computational resources at the time of 

development. The two combined biomolecular-metal force fields yield very similar 

results after some important differences are explained (Figure S1). These are: (1) The 

CVFF force field overestimates cohesive energies for aromatic molecules by 80% 

compared to experiment which results in overestimates of adsorption energies of 
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aromatic molecules of similar magnitude (Trp, Tyr, Phe, His, PPh3). (2) The CVFF force 

field underestimates the polarizability of the sulfur atom in Met (and Cys) to be lower 

than that of oxygen which results in underestimated (non-covalent) adsorption energies. 

(3) We employed estimated parameters for hydrocarbon chains of 

hexadecyltrimethylammonium bromide (CTAB) and hexadecylammonium chloride 

(HDAC) in CHARMM. After adjustment for these three major shortcomings, the two 

force fields CHARMM-METAL and CVFF-METAL perform similar within statistical 

error. 
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* Covalent bonding excluded in the simulation 

 

Figure S1. Computed energy of adsorption of single amino acid and surfactant molecules 

on the even Au {111} surface in dilute aqueous solution at pH = 7. Values for the 

CHARMM-METAL force field (as in Figure 1) and for the older, less rigorously 

validated CVFF-METAL force field are shown. The adsorption energy of aromatic 
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residues (PPh3, Tyr, Trp, Phe, His) is lower in CVFF-METAL in proportion to excessive 

cohesive energies. The adsorption energy of Met is underestimated in CVFF-METAL 

due an underestimated polarizability of the sulfur atom (lower than oxygen). Adsorption 

energies of other residues are similar within statistical uncertainty. Every data point 

represents an average over up to ten independent simulations of 1 ns. 

 

Differences between computed adsorption energies using the CHARMM2232–

METAL22 force field and the older CVFF33-METAL22 force field can be explained on the 

basis of the energy expression:  
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Equation (S1) contains additive contributions from quadratic bond stretching, quadratic 

angle bending, an Urey-Bradley term (only present in CHARMM, shown in brackets), a 

torsion potential, an out-of-plane term, the Coulomb energy, and a 12-6 van-der-Waals 

potential. The differences between CHARMM and CVFF are (i) an additional Urey-

Bradley term in CHARMM and (ii) the use of arithmetic combination rules for ijr ,0  and 

geometric combination rules for ijε  in CHARMM versus geometric combination rules 

for both ijr ,0  and ijε  in CVFF. Adsorption energies according to CHARMM-METAL are 

significantly more reliable compared to CVFF-METAL due to more recent parameter 

refinements. Adsorption energies by CVFF-METAL, after corrections for three major 
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systematic deviations, essentially represent an estimate of maximum uncertainty. The 

three major groups of deviations are explained in the following. 

(1) For aromatic residues, the magnitude of adsorption on the metal surface is 

essentially determined by the well depth 0ε  of the aromatic carbon atoms in the 12-6 

Lennard-Jones potential. This parameter is only about half in CHARMM22 compared to 

CVFF. As a simple test, the computation of the cohesive (vaporization) energy of liquid 

benzene reveals that CHARMM22 parameters, when inserted in CVFF, reproduce the 

experimentally measured vaporization energyS1 with +7% deviation while CVFF leads to 

an overestimate of +84% (Table S1). Therefore, CHARMM22 results are suitable for the 

aromatic molecules His, Phe, Trp, Tyr, and PPh3. The systematically lower (negative) 

adsorption energies using CVFF (Figure S1) are physically not justified and should be 

disregarded. The vaporization energy of benzene in Table S1 was obtained as the 

difference in average energy during NVT molecular dynamics in the gaseous and in the 

liquid state during 1 ns simulation time at equilibrium density (close to experiment), 

augmented by the volume work of RT1  per mole. 
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Table S1. Vaporization energy of liquid benzene in experiment and in NVT molecular 

dynamics simulation (kcal/mol). Values generated by the CHARMM force field are 

acceptable while values generated by the CVFF force field are strongly overestimated 

and should be disregarded. 

Experimentb CHARMMa CVFF 

8.03 8.60 ± 0.19  14.79 ± 0.16 

a Lennard-Jones parameters of CHARMM22 replace the original parameters of CVFF for 

carbon atoms of benzene. b Ref. S1. 

  

(2) For the amino acids Met and Cys, the non-covalent adsorption energy is 

strongly influenced by the well depth 0ε  of the sulfur atom in the 12-6 Lennard-Jones 

(LJ) potential. A higher well depth of sulfur in the model reflects a higher polarizability 

compared to oxygen52 which is well represented in CHARMM (S: 0r  = 4.0 Å, 0ε  = 0.45 

kcal/mol, O: 0r  = 3.4 Å, 0ε  = 0.24 kcal/mol) and rather opposite in CVFF (S: 0r  = 3.78 

Å, 0ε  = 0.043 kcal/mol, O: 0r  = 3.21 Å, 0ε  = 0.228 kcal/mol). The significant 

underestimate of the LJ well depth of the sulfur atom in CVFF-METAL explains the 

higher value in non-covalent adsorption energy of Met and Cys. Similarly, differences in 

the LJ well depth (polarizability) of guanidinium nitrogen and lysine nitrogen between 

CHARMM and CVFF contribute to differences in adsorption energy for the amino acids 

Arg and Lys. It can be safely assumed that the CHARMM-METAL force field yields 

better results than CVFF-METAL due to considerably better validation. 

(3) For the alkyl chains in the aliphatic surfactants CTAB and HDAC, 

CHARMM2232 provides no explicit parameters. We employed homologous structural 
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elements in Leu and Lys side groups as a substitute (CHARMM_1) as well as 

polyethylene parameters as defined in CHARMM32S2,S3 (CHARMM_2). Computed 

adsorption energies for CTAB are similar in both versions while the adsorption energy of 

HDAC is slightly higher in version 2 (Figure S2). We also tested two settings of CVFF.33 

The default setting (CVFF_1) involves the default atomic charges of +0.1e for H, −0.2e 

for C in CH2 groups, and −0.3e for C in CH3 groups which appear somewhat too high, 

and we applied a second setting (CVFF_2) with half these atomic charges and no changes 

in any other parameters (including van-der-Waals parameters). These two versions result 

in similar adsorption energies of both CTAB and HDAC (Figure S2). Overall, adsorption 

energies using CHARMM and CVFF converge better for HDAC while adsorption 

energies for CTAB are lower using CHARMM compared to CVFF. This is partly 

associated with a higher well depth 0ε  of carbon atoms in CH3 groups (0.078 kcal/mol) 

compared to CH2 groups (0.056 kcal/mol) in CHARMM while the 0ε  values for C atoms 

of CH3 and of CH2 groups are both lower in CVFF (0.039 kcal/mol). When the 

CHARMM parameters for the CH3 group were replaced by CVFF parameters in 

CHARMM/NAMD simulations, the difference in CTAB adsorption energies between 

CHARMM and CVFF was reduced by 60%, resulting in the adsorption energy of −25 

kcal/mol (Table S2). The experimentally measured polarizability of CH3 groups versus 

CH2 groups is 21% higherS4 (less than the ~40% increase suggested by CHARMM 

parameters including the extra hydrogen atom) so that the best estimate for the adsorption 

energy of a single CTAB molecule on the Au {111} surface in aqueous solution may be –

26 ±1 kcal/mol (Figure S2). For HDAC, we assume a best estimate of the adsorption 

energy between the two CHARMM versions of −24 ±1 kcal/mol. 
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Figure S2. Comparison of adsorption energies of CTAB and HDAC using different 

settings in CHARMM and CVFF (see text). 
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Table S2. Comparison of adsorption energy (kcal/mol) of CTAB using CHARMM_2, 

CVFF_2 and adjusted well depth for CH3 carbon atoms (M-CHARMM). 

 CHARMM_2 CVFF_2 M-CHARMMa 

CTAB 52.151.30 ±−  15.225.21 ±−  28.174.24 ±−  

a Lennard-Jones parameters for carbon atoms in CH3 groups in CHARMM_2 

( 078.0=ε kcal/mol and 04.22
min =R Å) were replaced by CVFF_2 parameters 

( 039.0=ε kcal/mol and 175.22
min =R Å) in CHARMM/NAMD simulations. 

 

We also note that the Lennard-Jones parameters for fcc metals are compatible with other 

force fields, including AMBER, OPLS-AA, PCFF, and COMPASS.22 

 

References 

S1 Timmermans, J. Physico-Chemical Constants of Pure Organic Compounds; 

Elsevier: New York, 1950, p. 149. 

S2 Vorobyov, I.;  Anisimov, V. M.; Greene, S.; Venable, R. M.; Moser, A.; Pastor, 

R. W.; MacKerell, A. D., Jr. J. Chem. Theory Comput. 2007, 3, 1120-1133. 

S3 Lee, H.; Venable, R. M.; MacKerell, A. D., Jr.; Pastor, R. W. Biophysical J. 2008, 

95, 1590-1599. 

S4 Heinz, H.; Suter, U. W.; Leontidis, E. J. Am. Chem. Soc. 2001, 123, 11229-11236. 

Supplementary Material (ESI) for Soft Matter
This journal is © The Royal Society of Chemistry 2011



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


