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A. Infrared Absorption Spectra 
 
 Infrared (IR) absorption spectra were computed solely from knowledge of the fluctuating 
frequency trajectory, ω (t) , using a semiclassical formalism,1,2 
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where ω0  is the average frequency, δω (t) =ω (t)−ω0 , is the fluctuation of the frequency from 
its average value, and   represents a classical ensemble average.  
 
B. Two-Dimensional Infrared (2D IR) Spectra 
 
 In two-dimensional infrared (2D IR) spectroscopy, three separate femtosecond IR pulses 
interact with the sample, and the subsequent response is measured. The three pulses have specific 
wave vectors labeled k1, k2, and k3 corresponding to the their sequence. The rephasing signal is 
observed in the kRP = -k1 + k2 + k3 direction, while the non-rephasing signal is described as kNR = 
k1 – k2 + k3 direction. Within the Condon approximation and assuming that only two vibrational 
states are relevant, the three-pulse echo response functions are given by1,3 
 
 

 R1(t3, t2, t1) = R2 (t3, t2, t1) = exp −iω0t3 + iω0t1[ ]φRP (t3, t2, t1) , (2) 
 

and 
 

 R4 (t3, t2, t1) = R5(t3, t2, t1) = exp −iω0t3 − iω0t1[ ]φNR (t3, t2, t1) , (3) 
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and 
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The 2D IR signal, S(ω3, t2,ω1) , is given by 
  

 S(ω3, t2,ω1) = Re Si (ω3, t2,ω1)
i=1
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where 
 

 Si (ω3, t2,ω1) = dt1
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and 
 

 Si (ω3, t2,ω1) = dt1
0
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∫ dt3 exp(iω3t3 + iω1t1)
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For a two-level system, R3 = R6 = 0. The waiting time, TW, is synonymous with t2 in the 
equations above. Note that the 2D IR spectra can also be computed solely from knowledge of the 
fluctuating frequency trajectory, ω (t) . Shown below are chemical exchange 2D IR spectra for 
the C–D stretch of labeled malonaldehyde in aqueous solution for waiting times in the range 0 to 
500 ps.  
 
Tw = 0 ps:  
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Tw = 5 ps: 

 
Tw = 10 ps: 
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Tw = 15 ps: 

 
Tw = 20 ps: 
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Tw = 25 ps: 

 
Tw = 30 ps: 
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Tw = 35 ps: 

 
Tw = 40 ps: 
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Tw = 45 ps: 

 
Tw = 50 ps: 
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Tw = 60 ps: 

 
Tw = 70 ps: 
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Tw = 80 ps: 

 
Tw = 90 ps: 
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Tw = 100 ps: 

 
Tw = 200 ps: 
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Tw = 500 ps: 

 
 
C. Complete Reference 18 from the Main Text 
 
Gaussian 09, Revision A.1, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, 
M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. 
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. 
Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, 
A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. 
E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. 
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. 
B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford, CT, 2009. 
 
D. Complete Reference 29 from the Main Text 
 
AMBER 10, D. A. Case, T. A. Darden, T. E. Cheatham, III, C. L. Simmerling, J. Wang, R. E. 
Duke, R. Luo, M. Crowley, R. C. Walker, W. Zhang, K. M. Merz, B. Wang, S. Hayik, A. 
Roitberg, G. Seabra, I. Kolossváry, K. F. Wong, F. Paesani, J. Vanicek, X. Wu, S. R. Brozell, T. 
Steinbrecher, H. Gohlke, L. Yang, C. Tan, J. Mongan, V. Hornak, G. Cui, D. H. Mathews, M. G. 
Seetin, C. Sagui, V. Babin, and P. A. Kollman, University of California, San Francisco, CA, 
2008.  
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