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Due to their mechanical properties, carbon nanotubes (CNTs) hold promise as
nanoreinforcements in a variety of composites. As a result, numerous theoretical and
experimental studies have been performed in order to understand their behavior under axial
tension. Whereas quantum mechanical studies typically find failure strains in the range of 20-
30% and failure stresses in excess of 100 GPa, the experimental measurements have reported
much lower values. Now, researchers believe that this discrepancy occurs because of defects in
the nanotubes used in experiments. In this assignment, we will calculate the failure stress and
strain for a pristine (non-defected) carbon nanotube.

1. A file containing initial coordinates for a carbon nanotube with 90 carbon atoms (capped
by 20 hydrogen atoms) is copied at the bottom of this document (labeled P0). Optimize
the equilibrium structure using PM3. You will need to use the IFREEZ option (see the
end of this document for more details). Calculate the length and diameter of the nanotube
and record its energy.

2. Initial coordinates with incrementally increased x-coordinates are available at the end of
this document (files P1-P7). Repeat the previous step with these stretched coordinates.
Record the energy, length, and diameter of each nanotube. If the nanotube does not
appear on your QC-Lab screen, check to see if the geometry was located successfully. If
it was not, consider this to be the point of fracture. Run one more geometry optimization
using initial coordinates for the next strain increment and report what happens to the
structure. Determine the failure strain for the nanotube.

3. The natural strain (&) of a wire is defined by
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Plot the energy vs. € curve and fit the values to a second-degree polynomial.

4. As a measure of strain, use the stretch, which is defined by
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where L and L are the current and initial (unstrained) lengths and AL is the elongation of
the tube. What is the failure strain for this system?

5. The fundamental frequency of vibration of a wire of length L and mass m and tension T is

given by
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Assuming similar behavior, with what frequency will a SWCNT(5,5) vibrate if under a
tension of 145 GPa its length is 10 mm.



6. A recent measurement that relates to this work is described in: , Bei Peng, Mark Locascio,
Peter Zapol, Shuyou Li, Steven L. Mielke, George C. Schatz and Horacio D. Espinosa, Nature
Nanotech, 3, 626-631 (2008). How well do the calculated results compare with the results in this
paper?

Geometry restraints for the Z-coordinate of the terminal C atoms of
the nanotube. Use for Stretch points 1-7.

SSTATPT
iFreez (1)=63,66,69,72,75,78,81,84,87,90,93
96,99,102,105,108,111,114,117,120

SEND

PO

H 1.0 0.0683217552 -3.8296681158 4.5866374463
H 1.0 3.6633434003 -1.1184546801 4.5866374463
H 1.0 2.1957489786 3.1384251087 4.5866374463
H 1.0 -2.3062959007 3.0581080684 4.5866374463
H 1.0 -3.6211182334 -1.2484103811 -4.5866374463
H 1.0 0.0683217552 -3.8296681158 -4.5866374463
H 1.0 3.6633434003 -1.1184546801 -4.5866374463
H 1.0 2.1957489786 3.1384251087 -4.5866374463
H 1.0 -2.3062959007 3.0581080684 -4.5866374463
H 1.0 -3.6211182334 1.2484103811 -4.5866374463
H 1.0 -2.3062959007 -3.0581080684 -4.5866374463
H 1.0 2.1957489786 -3.1384251087 -4.5866374463
H 1.0 3.6633434003 1.1184546801 -4.5866374463
H 1.0 0.0683217552 3.8296681158 -4.5866374463
H 1.0 -3.6211182334 1.2484103811 4.5866374463
H 1.0 -2.3062959007 -3.0581080684 4.5866374463
H 1.0 2.1957489786 -3.1384251087 4.5866374463
H 1.0 3.6633434003 1.1184546801 4.5866374463
H 1.0 0.0683217552 3.8296681158 4.5866374463
H 1.0 -3.6211182334 -1.2484103811 4.5866374463
C 6.0 -0.4202046203 -3.5003599451 3.6626627300
C 6.0 3.1991897664 -1.4813090518 3.6626627300
C 6.0 2.3974126324 2.5848606033 3.6626627300
C 6.0 -1.7175072745 3.0788407608 3.6626627300
C 6.0 -3.4588905040 -0.6820323672 -3.6626627300
C 6.0 -0.4202046203 -3.5003599451 -3.6626627300
C 6.0 3.1991897664 -1.4813090518 -3.6626627300
C 6.0 2.3974126324 2.5848606033 -3.6626627300
C 6.0 -1.7175072745 3.0788407608 -3.6626627300
C 6.0 -3.4588905040 0.6820323672 -3.6626627300
C 6.0 -1.7175072745 -3.0788407608 -3.6626627300
C 6.0 2.3974126324 -2.5848606033 -3.6626627300
C 6.0 3.1991897664 1.4813090518 -3.6626627300
C 6.0 -0.4202046203 3.5003599451 -3.6626627300
C 6.0 -3.4588905040 0.6820323672 3.6626627300
C 6.0 -1.7175072745 -3.0788407608 3.6626627300
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2.3974126324
3.1991897664
-0.4202046203
-3.4588905040
0.3546261690
3.3593597504
1.7215723373
-2.2953695319
-3.1401887247
0.3546261690
3.3593597504
1.7215723373
-2.2953695319
-3.1401887247
-2.2953695319
1.7215723373
3.3593597504
0.3546261690
-3.1401887247
-2.2953695319
1.7215723373
3.3593597504
0.3546261690
-3.1401887247
-0.3485351526
3.1171219214
2.2750224471
-1.7110807239
-3.3325284920
-0.3485351526
3.1171219214
2.2750224471
-1.7110807239
-3.3325284920
-1.7110807239
2.2750224471
3.1171219214
-0.3485351526
-3.3325284920
-1.7110807239
2.2750224471
3.1171219214
-0.3485351526
-3.3325284920
0.3609406673
3.3130344457
1.6866272260
-2.2706414937
-3.0899608454
-2.2706414937

-2.5848606033
1.4813090518
3.5003599451

-0.6820323672

-3.4170148481

-0.7186461293
2.9728671144
2.5559790500

-1.3931851869

-3.4170148481

-0.7186461293
2.9728671144
2.5559790500
1.3931851869

-2.5559790500

-2.9728671144
0.7186461293
3.4170148481
1.3931851869

-2.5559790500

-2.9728671144
0.7186461293
3.4170148481

-1.3931851869

-3.3907818846

-1.3792858546
2.5383363463
2.9480639915

-0.7163325985

-3.3907818846

-1.3792858546
2.5383363463
2.9480639915
0.7163325985

-2.9480639915

-2.5383363463
1.3792858546
3.3907818846
0.7163325985

-2.9480639915

-2.5383363463
1.3792858546
3.3907818846

-0.7163325985

-3.3662538353

-0.6969546688
2.9355121613
2.5112009589
1.3835046161

-2.5112009589

3.6626627300
3.6626627300
3.6626627300
3.6626627300
2.4604486352
2.4604486352
2.4604486352
2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
-2.4604486352
2.4604486352
2.4604486352
2.4604486352
2.4604486352
2.4604486352
2.4604486352
1.2457168980
1.2457168980
1.2457168980
1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
-1.2457168980
1.2457168980
1.2457168980
1.2457168980
1.2457168980
1.2457168980
1.2457168980
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
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1.6866272260 -2.9355121613 0.0000000000

3.3130344457 0.6969546688 0.0000000000
0.3609406673 3.3662538353 0.0000000000
-3.0899608454 -1.3835046161 0.0000000000

0.1605295272 -3.6618376214 4.6804224517
3.5322208835 -0.9788974027 4.6804224517
2.0225030345 3.0568457550 4.6804224517
-2.2822452658 2.8681319777 4.6804224517
-3.4330081794 -1.2842427086 -4.6804224517
0.1605295272 -3.6618376214 -4.6804224517
3.5322208835 -0.9788974027 -4.6804224517
2.0225030345 3.0568457550 -4.6804224517
-2.2822452658 2.8681319777 -4.6804224517
-3.4330081794 1.2842427086 -4.6804224517
-2.2822452658 -2.8681319777 -4.6804224517
2.0225030345 -3.0568457550 -4.6804224517
3.5322208835 0.9788974027 -4.6804224517
0.1605295272 3.6618376214 -4.6804224517
-3.4330081794 1.2842427086 4.6804224517
-2.2822452658 -2.8681319777 4.6804224517
2.0225030345 -3.0568457550 4.6804224517
3.5322208835 0.9788974027 4.6804224517
0.1605295272 3.6618376214 4.6804224517
-3.4330081794 -1.2842427086 4.6804224517
-0.3893810300 -3.4007743911 3.7676627300
3.1140032895 -1.4212204468 3.7676627300
2.3139409040 2.5224118495 3.7676627300
-1.6839091629 2.9801567034 3.7676627300
-3.3546540006 -0.6805737150 -3.7676627300
-0.3893810300 -3.4007743911 -3.7676627300
3.1140032895 -1.4212204468 -3.7676627300
2.3139409040 2.5224118495 -3.7676627300
-1.6839091629 2.9801567034 -3.7676627300
-3.3546540006 0.6805737150 -3.7676627300
-1.6839091629 -2.9801567034 -3.7676627300
2.3139409040 -2.5224118495 -3.7676627300
3.1140032895 1.4212204468 -3.7676627300
-0.3893810300 3.4007743911 -3.7676627300
-3.3546540006 0.6805737150 3.7676627300
-1.6839091629 -2.9801567034 3.7676627300
2.3139409040 -2.5224118495 3.7676627300
3.1140032895 1.4212204468 3.7676627300
-0.3893810300 3.4007743911 3.7676627300
-3.3546540006 -0.6805737150 3.7676627300
0.3405388562 -3.3768100937 2.5092913289
3.3167695377 -0.7196200075 2.5092913289
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1.7093374510
-2.2603408948
-3.1063049501

0.3405388562

3.3167695377

1.7093374510
-2.2603408948
-3.1063049501
-2.2603408948

1.7093374510

3.3167695377

0.3405388562
-3.1063049501
-2.2603408948

1.7093374510

3.3167695377

0.3405388562
-3.1063049501
-0.3419401389

3.1034783891

2.2599952667
-1.7067244998
-3.3148090171
-0.3419401389

3.1034783891

2.2599952667
-1.7067244998
-3.3148090171
-1.7067244998

2.2599952667

3.1034783891
-0.3419401389
-3.3148090171
-1.7067244998

2.2599952667

3.1034783891
-0.3419401389
-3.3148090171

0.3551183520

3.2970336545

1.6825605085
-2.2571540721
-3.0775584429
-2.2571540721

1.6825605085

3.2970336545

0.3551183520
-3.0775584429

2.9320604701
2.5317330351
-1.3673634040
-3.3768100937
-0.7196200075
2.9320604701
2.5317330351
1.3673634040
-2.5317330351
-2.9320604701
0.7196200075
3.3768100937
1.3673634040
-2.5317330351
-2.9320604701
0.7196200075
3.3768100937
-1.3673634040
-3.3742933759
-1.3679183945
2.5288733143
2.9308480560
-0.7175095999
-3.3742933759
-1.3679183945
2.5288733143
2.9308480560
0.7175095999
-2.9308480560
-2.5288733143
1.3679183945
3.3742933759
0.7175095999
-2.9308480560
-2.5288733143
1.3679183945
3.3742933759
-0.7175095999
-3.3513213927
-0.6978776412
2.9200092904
2.5025426302
1.3733528867
-2.5025426302
-2.9200092904
0.6978776412
3.3513213927
-1.3733528867

2.5092913289
2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
-2.5092913289
2.5092913289
2.5092913289
2.5092913289
2.5092913289
2.5092913289
2.5092913289
1.2727221429
1.2727221429
1.2727221429
1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
-1.2727221429
1.2727221429
1.2727221429
1.2727221429
1.2727221429
1.2727221429
1.2727221429
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
0.0000000000
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0.2077117946
3.4963733196
1.9531657543
-2.2892504978
-3.3680003707
0.2077117946
3.4963733196
1.9531657543
-2.2892504978
-3.3680003707
-2.2892504978
1.9531657543
3.4963733196
0.2077117946
-3.3680003707
-2.2892504978
1.9531657543
3.4963733196
0.2077117946
-3.3680003707
-0.3725816666
3.0627158774
2.2654441768
-1.6625943766
-3.2929840110
-0.3725816666
3.0627158774
2.2654441768
-1.6625943766
-3.2929840110
-1.6625943766
2.2654441768
3.0627158774
-0.3725816666
-3.2929840110
-1.6625943766
2.2654441768
3.0627158774
-0.3725816666
-3.2929840110
0.3250211838
3.2674154156
1.6943525984
-2.2202479209
-3.0665412769
0.3250211838
3.2674154156
1.6943525984
-2.2202479209

-3.6088148142
-0.9176394514
3.0416824438
2.7975025846
-1.3127307629
-3.6088148142
-0.9176394514
3.0416824438
2.7975025846
1.3127307629
-2.7975025846
-3.0416824438
0.9176394514
3.6088148142
1.3127307629
-2.7975025846
-3.0416824438
0.9176394514
3.6088148142
-1.3127307629
-3.3413891706
-1.3868922605
2.4842426149
2.9222386328
-0.6781998166
-3.3413891706
-1.3868922605
2.4842426149
2.9222386328
0.6781998166
-2.9222386328
-2.4842426149
1.3868922605
3.3413891706
0.6781998166
-2.9222386328
-2.4842426149
1.3868922605
3.3413891706
-0.6781998166
-3.3299580960
-0.7199001274
2.8850353488
2.5029500317
-1.3381271570
-3.3299580960
-0.7199001274
2.8850353488
2.5029500317

4.8072472881
4.8072472881
4.8072472881
4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
-4.8072472881
4.8072472881
4.8072472881
4.8072472881
4.8072472881
4.8072472881
4.8072472881
3.9176627300
3.9176627300
3.9176627300
3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
-3.9176627300
3.9176627300
3.9176627300
3.9176627300
3.9176627300
3.9176627300
3.9176627300
2.5912287228
2.5912287228
2.5912287228
2.5912287228
-2.5912287228
-2.5912287228
-2.5912287228
-2.5912287228
-2.5912287228
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-3.0665412769
-2.2202479209
1.6943525984
3.2674154156
0.3250211838
-3.0665412769
-2.2202479209
1.6943525984
3.2674154156
0.3250211838
-3.0665412769
-0.3294023713
3.0741123288
2.2293082757
-1.6963240430
-3.2776941902
-0.3294023713
3.0741123288
2.2293082757
-1.6963240430
-3.2776941902
-1.6963240430
2.2293082757
3.0741123288
-0.3294023713
-3.2776941902
-1.6963240430
2.2293082757
3.0741123288
-0.3294023713
-3.2776941902
0.3436589133
3.2594507174
1.6707924147
-2.2268442170
-3.0470578285
-2.2268442170
1.6707924147
3.2594507174
0.3436589133
-3.0470578285

0.2233331355
3.5399839902
1.9644972900
-2.3258578941
-3.4019565216
0.2233331355

1.3381271570
-2.5029500317
-2.8850353488

0.7199001274

3.3299580960

1.3381271570
-2.5029500317
-2.8850353488

0.7199001274

3.3299580960
-1.3381271570
-3.3393423052
-1.3451937940

2.5079668190

2.8952025309
-0.7186332506
-3.3393423052
-1.3451937940

2.5079668190

2.8952025309

0.7186332506
-2.8952025309
-2.5079668190

1.3451937940

3.3393423052

0.7186332506
-2.8952025309
-2.5079668190

1.3451937940

3.3393423052
-0.7186332506
-3.3155277514
-0.6977153717

2.8843159373
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