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1.  FORTRAN program for simulation of row-column sorting algorithm

C
FORTRAN PROGRAM DIRECTSORT
C
PERFORMS SPLIT-POOL OPERATIONS USING BEADS
C
IN RECTANGULAR 96 (12 X 8), 384 (24 X 16),
C
   OR 1536 (48 X 32) WELL PLATES
C
DEFINE ARRAY VARIABLES

CHARACTER*12 SEQOLD(16,48,32)


CHARACTER*12 SEQNEW(16,48,32)


CHARACTER*10 AT(16)


CHARACTER*40 HEADER1


CHARACTER*40 HEADER2


CHARACTER*40 HEADER3


CHARACTER*40 HEADER4


CHARACTER*40 HEADER5


INTEGER COMPOLD(16,48,32)


INTEGER COMPNEW(16,48,32)


INTEGER NROW


INTEGER NCOL


INTEGER NCOMP


INTEGER NIND


INTEGER NINF


INTEGER NSTEP


INTEGER FACT1


INTEGER FACT2


INTEGER NPOSS


INTEGER NCOMB


INTEGER NSEQ


INTEGER IPLUS


INTEGER JPLUS


INTEGER NT(16)


INTEGER JT


CHARACTER*1 INCR(16)


INCR(1) = "1"


INCR(2) = "2"


INCR(3) = "3"


INCR(4) = "4"


INCR(5) = "5"


INCR(6) = "6"


INCR(7) = "7"


INCR(8) = "8"


INCR(9) = "9"


INCR(10) = "T"


INCR(11) = "E"


INCR(12) = "W"


INCR(13) = "H"


INCR(14) = "O"


INCR(15) = "I"


INCR(16) = "X"


HEADER1="STEPS   NCOMP   ROWS   COLS   PLATE"


HEADER2="NUMBER OF UNIQUE COMPOSITIONS"


HEADER3="NUMBER OF POSSIBLE COMPOSITIONS"


HEADER4="NUMBER OF UNIQUE SEQUENCES"


HEADER5="TOTAL NUMBER OF WELLS"

C
DEFINE WELL PLATE SIZE AND NUMBER OF S-P STEPS
C
NCOMP = NUMBER OF COMPONENTS (= NUMBER OF PLATES)
C
NCOL = NUMBER OF COLUMNS, NROW = NUMBER OF ROWS
C
NSTEP = NUMBER OF SPLIT POOL STEPS

NCOMP = 4

NCOL = 16

NROW = 24

NSTEP = 4

OPEN(UNIT=5,FILE='OUTPUT2',STATUS='NEW')

C
INITIALIZE WELL PLATES

DO 30 J=1,NCOMP


  DO 20 K=1,NROW


    DO 10 L=1,NCOL


    COMPOLD(J,K,L)=10**(J-1)


    COMPNEW(J,K,L)=10**(J-1)


    SEQNEW(J,K,L)=INCR(J)


    SEQOLD(J,K,L)=INCR(J)

10
    CONTINUE
20
  CONTINUE
30
CONTINUE
C
MAIN DIRECTED SORTING LOOP

DO 180 I=1, NSTEP/2
C
SHUFFLE ROWS

  DO 80 J=1,NCOMP


    DO 70 K=1,NROW


  JT=IFIX(((K+I-2)*NCOMP/NROW)*1.)


      JNEW=JT+J


      IF(JNEW.GT.NCOMP)JNEW=JNEW-NCOMP


      IF(JNEW.GT.NCOMP)JNEW=JNEW-NCOMP

C
WRITE(5,500) I, J, K, JT, JNEW

      DO 60 L=1,NCOL


        SEQNEW(JNEW,K,L)=SEQOLD(J,K,L)


        COMPNEW(JNEW,K,L)=COMPOLD(J,K,L)

60
CONTINUE
70
CONTINUE
80
CONTINUE
C
  UPDATE ARRAY VALUES

  DO 110 J=1,NCOMP


    DO 100 K=1,NROW


      DO 90 L=1,NCOL


      SEQNEW(J,K,L)=TRIM(SEQNEW(J,K,L))//INCR(J)

C
WRITE (5,510) SEQNEW(J,K,L)

      SEQOLD(J,K,L)=SEQNEW(J,K,L)


      COMPNEW(J,K,L)=COMPNEW(J,K,L)+10**(J-1)


      COMPOLD(J,K,L)=COMPNEW(J,K,L)

90
      CONTINUE
100
    CONTINUE
110
  CONTINUE
C
SHUFFLE COLUMNS

  DO 140, J=1,NCOMP


    DO 130, L=1,NCOL


      JT=IFIX(((L+I-2)*NCOMP/NCOL)*1.)


      JNEW=JT+J


      IF(JNEW.GT.NCOMP)JNEW=JNEW-NCOMP


      IF(JNEW.GT.NCOMP)JNEW=JNEW-NCOMP


      DO 120, K=1,NROW


        SEQNEW(JNEW,K,L)=SEQOLD(J,K,L)


        COMPNEW(JNEW,K,L)=COMPOLD(J,K,L)

120
      CONTINUE
130
    CONTINUE
140
  CONTINUE
C
  UPDATE ARRAY VALUES

  DO 170 J=1,NCOMP


    DO 160 K=1,NROW


      DO 150 L=1,NCOL


      SEQNEW(J,K,L)=TRIM(SEQNEW(J,K,L))//INCR(J)

C
WRITE (5,510) SEQNEW(J,K,L)

      SEQOLD(J,K,L)=SEQNEW(J,K,L)


      COMPNEW(J,K,L)=COMPNEW(J,K,L)+10**(J-1)


      COMPOLD(J,K,L)=COMPNEW(J,K,L)

150
      CONTINUE
160
    CONTINUE
170
  CONTINUE
180
CONTINUE
C
COMPUTE NUMBER OF UNIQUE COMBINATIONS AND SEQUENCES

NCOMB=0

NSEQ=0

NIND=0

  DO 300 I=1,NCOMP


    DO 290 J=1,NROW


      DO 280 K=1,NCOL


      NIND=NIND+1

      NINF=0

      IPLUS=1

      JPLUS=1

        DO 270 L=1,I


          DO 260 M=1,NROW


          
DO 250 N=1,NCOL


  NINF=NINF+1

  IF (NINF.GE.NIND) GOTO 250

  IF ((I).NE.(L)) GOTO 240

  IF ((J).NE.(M)) GOTO 240

  IF ((K).NE.(N)) GOTO 240

  GOTO 250
240
  IF (COMPNEW(I,J,K).EQ.COMPNEW(L,M,N)) THEN 

    IPLUS=0

    ENDIF

  IF (SEQNEW(I,J,K).EQ.SEQNEW(L,M,N)) THEN 


    JPLUS=0

    ENDIF
250
          
CONTINUE
260
          CONTINUE
270
        CONTINUE
C
  IF (IPLUS.EQ.1) WRITE(5,500) COMPNEW(I,J,K)

        NCOMB=NCOMB+IPLUS


        NSEQ=NSEQ+JPLUS

280
      CONTINUE
290
    CONTINUE
300
  CONTINUE
C
COMPUTE NUMBER OF POSSIBLE COMBINATIONS

FACT1=1

FACT2=1

FACT3=1

DO 320 J=1, NCOMP-1

  FACT1=FACT1*J

320
  CONTINUE

DO 330 J=NSTEP+2, NSTEP+NCOMP


  FACT2=FACT2*J

330
  CONTINUE

NPOSS = FACT2/FACT1

C
OUTPUT DATA

WRITE(5,420) HEADER1


WRITE(5,400) NSTEP, NCOMP, NROW, NCOL, NROW*NCOL


WRITE(5,400)


WRITE(5,420) HEADER5


WRITE(5,400) NCOMP*NROW*NCOL


WRITE(5,400)


WRITE(5,420) HEADER2


WRITE(5,410) NCOMB


WRITE(5,410)


WRITE(5,420) HEADER3


WRITE(5,410) NPOSS


WRITE(5,410)


WRITE(5,420) HEADER4


WRITE(5,410) NSEQ


WRITE(5,410)

400
FORMAT(I8, I8, I8, I8, I8)
410
FORMAT(I8)
420
FORMAT(A45)
C
OUTPUT ARRAYS

DO 450 J=1,NCOMP


  DO 440 K=1,NROW


    DO 430 L=1,NCOL


      NT(L) = COMPNEW(J,K,L)


      AT(L) = SEQNEW(J,K,L)

430
      CONTINUE

WRITE(5,510) AT(1),AT(2),AT(3),AT(4),AT(5),AT(6),AT(7),AT(8)

C
WRITE(5,510) AT(9),AT(10),AT(11),AT(12),AT(13),AT(14),AT(15)
C
WRITE(5,510) AT(16)

WRITE(5,500) NT(1),NT(2),NT(3),NT(4),NT(5),NT(6),NT(7),NT(8)

C
WRITE(5,500) NT(9),NT(10),NT(11),NT(12),NT(13),NT(14),NT(15)
C
WRITE(5,500) NT(16)
440
    CONTINUE

  WRITE(5,500)

450
  CONTINUE
500
FORMAT(I9,I9,I9,I9,I9,I9,I9,I9)
510
FORMAT (A9, A9, A9, A9, A9, A9, A9, A9, A9)

END
2.  Synthesis of noble metal libraries using metal salt solutions 

We found that slurry impregnation in aqueous solution of metal salts (containing 2 wt% HCl on 1 bead basis), without thermal treatment, led to desorption of metals and dissolution of alumina when the beads adsorbed metal salts in glass vials. Switching to ethanol as the solvent solved the desorption problem but led to non-homogeneous impregnation of metal on the beads. Switching ligands from chloride to acetylacetonate did not solve the homogeneity problem. We then experimented with using adsorption under incipient wetness conditions (3 L) and slurry conditions (6 and12L) in well plates.

Metal salts were dissolved in 0.5M HCl to a final concentration of 0.09 g/mL. The Vaccupette multi-pipette was modified with small pipet tips (Figure 1c) to reproducibly deliver small solution volumes (0-50L) by calibrating the syringe that delivered the solution and visual examination of pipet tips. In each adsorption step, beads were equilibrated in each well plate with 12L of solution such that metal loading was 0.05wt% in each step.  A qualitative check after addition of solution was done by noting the difference in total weight of the plates before and after adsorption. This value was close to 1.15g (96 wells*12L/well*1g/mL*10-3 L/mL).  Adsorption under these conditions is close to incipient wetness. Adsorption was done at room temperature for 30 minutes followed by a drying step at 60ºC for 1 h.  The beads were cooled to room temperature, removed along a given row or column (pool) and distributed equally 4 receiving wellplates (split). Fresh solution was prepared prior to every adsorption step and stored in the dark until they were used. The steps were repeated until the desired loading was achieved.  

3.  Analysis of Analytical Errors
Although the row/column shuffle algorithm and the synthesis of libraries were easy to implement experimentally, the battery of analytical techniques examined (Electron probe Microanalysis and Inductively Coupled Plasma Mass Spectrometry at PSU and -XRF at UOP) for a four metal library (H2PtCl6, SnCl2.2H2O, CuCl2. 2H2O and NiCl2. 6H2O), did not provide absolute quantification with the designed compositions. We postulated that there could be six reasons for this discrepancy

1) Interference from the Rhodium x-ray source at the -XRF prevented quantification of Tin and might have contributed to some of the discrepancies in these plots. Based on a synthesis error of 3% (estimated by description below) and an analysis error of 10%, the -XRF data indicated that the trends are appropriate for elements other than tin; only for 30% of the samples.

2) Adsorption of metals and its analysis was composition dependent. This hypothesis was only supported for a few random compositions and was tough to quantify as the reason for the observed discrepancy.

3) Pipetting error for home made Vaccupettes

4) Contamination from well plates

5) Contamination from pipet tips 

6) Diameter and weight of each bead

3.1.  Variation in pipetting and error analysis 

To check for errors in synthesis across 96 wells, 12L of 1x 10-9 M fluorescein-5-isothiocyanate (FITC) dye was added to each well. The standard deviation in fluorescence intensity across the wells measured with an HTS 7000 Plus Bio Assay Reader using a Vaccupette or manual pipetting was 10% and of the blank wellplates was 5%. To reduce the magnitude of this error, absorbance experiments in the same plate reader were carried out using micromolar concentrations of the three dyes (Cascade Blue, Sulforhodamine 101 and Lucifer Yellow) used in our previous experiments [1]. The 96-well V-bottom plates used in the metal and food coloring experiments gave an analytical error of 15% for known concentration of dyes in each well plate due to the conical shape of the wells in the direction of the light path. To overcome the above problems, analytical measurements checking for pipetting errors were carried out in 96 well flat plates, by manually pipetting 40 L in each well (forming a 1 mm path length, the minimum possible to get uniform coverage of each well by the dye).  The absorbance error reduced to 0.1% for single dyes and 3% for mixtures.

3.2. Variation in bead diameter

To account for variation in nominal diameter (0.065 inch) of the -alumina beads, approximately 18000 beads were analyzed by optical microscopy. The standard deviation of beads with nominal diameter 0.065 inch was 0.005, with a relative standard error of 7.7%. 
3.3. Variation in bead weight
To account for variation in bead weight, 388 beads were analyzed by a Sartorius Balance, accurate to ± 0.01 mg. The standard deviation of beads with average weight 2.04 mg was 0.15 with a relative error of 7.1%. Figure 5 shows the measured bead weight (mg) versus number of beads.

3.4. Variation in XRF analysis 

To account for variation in -XRF analysis 48 beads containing three metals (Pt, Cu and Ni) in different ratios were synthesized at UOP on -alumina. Of the 48 beads, 9 beads were prepared in duplicate to analyze by ICPAES. To validate the -XRF technique, we synthesized samples with Pt, Cu and Ni and checked the same by ICPAES and -XRF and found large analytical errors. The relative errors in -XRF, defined as the ratio of standard deviation to average of difference in theoretical amounts and measured -XRF values were 36.6% in Pt, 47.2% in Ni and 21.95% in 20% Cu for 0.05wt% theoretical metal content on -alumina. The relative errors increased to 86.6% in Pt and decreased to 21.7% in Ni for 0.1wt% theoretical metal content on -alumina. The relative errors increased to 89.2% in Ni and 69.9% in Cu for 0.2wt% theoretical metal content on -alumina. Interference from the Rhodium x-ray source prevented quantification of Sn and might have contributed to some of the discrepancies in these plots, as XRF is a matrix sensitive technique. The errors in ICPAES were 11% at 0.05wt% metal and increased to 31% in Pt and 66% in Cu and Ni at 0.2wt%.
4. Synthesis of libraries using ICPMS standards using the column shuffle algorithm

Table 4 summarizes order of addition using column shuffle. The shuffle algorithm resulted in 36 compositions and used 48 physical manipulations for a library of 288 beads. The algorithm addressed four adsorptions of each element, 9 binary combinations (with a redundancy of 2) and 3 unique ternary combinations (with a redundancy of 5 each). In a typical procedure, (-alumina beads were washed in DI water at room temperature. The beads were then calcined at 400 oC for 3 hours and cooled down to room temperature. The beads were suction transferred from a Petri dish and dropped onto a 96 well plate such that each well contained one bead.  Metal salt solutions (containing 1 g/L Pt, Cu and Ni in HCl from High-Purity standards) were adsorbed onto the beads. The Vaccupette multi-pipette was modified with small pipet tips to reproducibly deliver small solution volumes (0-50L). In each adsorption step, beads were equilibrated in each well plate with 6l of solution such that metal loading was 0.25 wt% in each step.  Adsorption was done at room temperature for 30 minutes followed by a drying step at 60ºC for 1 h.  The beads were cooled to room temperature, removed along a given row or column (pool) and distributed equally over 4 receiving well plates (split). Fresh solution was prepared prior to every adsorption step and stored in the dark until they were used. The steps were repeated until the desired loading was achieved (1 wt%).  

5. Tests for catalytic activity using LAMIMS

5.1. Reduction of metal loaded alumina

We did an energy balance to verify that the laser sufficiently reduces the samples. The main assumption in this part of the analysis is that the energy from the laser is used to heat the gas surrounding the bead, the alumina bead and the metal supported on alumina. 

Heat in = laser power at full capacity * % of total laser power * activation time

 = 25W * (25/100)*360s 

= 6.25J/s * 360s = 2250J

Thermal energy needed to heat H2 

= Molar flow rate (in mol/s)* Specific heat at constant pressure (J mol-1 K-1)* Temperature difference (K) assuming a 220 K rise 

= 6.25* 10-4 * 29 *220 

= 3.98 J/s

Thermal energy needed to heat alumina

= thermal conductivity of alumina (W m-1 K-1) * Temperature difference (K) * characteristic length (Volume/Area in m)

= 2 * 220*0.1066*10 -2
= 0.47 J/s

Assuming steady state,

Heat In = 2250J

Heat required =   (3.98 + 0.47)*360    =  1602 J

We see that we have 648J excess heat, assuming steady state and steady laser power. 

Molecules/Sites

To call a solid a catalyst, the ratio of number of reactant molecules to sites should be large. This follows from the definition of closed cycles [25].

R + S                [RS]             [PS]      P + S

where, 

S is a site on a catalyst surface

R is reactant

P is product

We can get a ratio of molecules/sites using the formula below

Molecules = Flow rate (mol/s) * time(s) * Avogadro’s number

Sites = Metal surface area (m2/g) * weight metal /bead (g) * (1.5 * 10 19) sites / m2

Using,

Pt surface area of 276 m2 Pt /g Pt [26] = (6.023 * 1023)/ (195.09* 104 * 1.1 * 1015) 

1 wt% Pt on alumina (2.3 mg bead * 0.01 g Pt/g bead * 10-3 g bead/ mg bead) = 23 x 10-6 g Pt/bead

Flow rate of MCH 0.26*10-5 mol/s (0.02 mL/min)

Total time of 40s 

Ratio of molecules/sites = (0.26*10-5*40 * 6.023 * 1023) / (276 *23 * 10 -6 * 1.5 * 10 19)
                                       = 657 on a 1 bead basis. 

This tells us that sites are rate limiting and we are in a position to measure catalysts. A good rule of thumb is to have at least a 100-fold excess of molecules to sites to account for effects like bypass of catalyst sites. 

5.2. Energy Balance

We did an energy balance to verify that the laser sufficiently heats up the samples. The main assumption in this part of the analysis is that the energy from the laser is used to heat the gas surrounding the bead, the metal supported on alumina and provide necessary energy for the endothermic reaction (MCH to toluene) and for Toluene to desorb. 

Heat in = laser power at full capacity * % of total laser power * activation time

 = 25W * (55/100)*40s 

= 13.75J/s * 40s = 550J

Thermal energy needed to heat H2 and MCH 

= Sum of [(molar flow rate in mol/s)* Specific heat at constant pressure (J mol-1 K-1)* Temperature difference (K)] for each species 

= 6.25* 10-4 * 29 *220 (H2) + 0.26*10-5*229*220 (MCH)
= 4.118 J/s

Heat consumed by reaction

= Molar flow rate of MCH (mol/s) * Heat of reaction (J/mol)

= 0.26*10-5 mol/s * 205 * 103 J/mol

= 0.533 J/s

Thermal energy needed to heat alumina

= thermal conductivity of alumina (W m-1 K-1) * Temperature difference (K) * characteristic length (Volume/Area) in m

=2 * 220*0.1066*10 -2
= 0.47 J/s

Thermal energy needed to desorb Toluene

= Conversion * Molar flow rate of MCH * Energy for Desorption [26]

= 0.1 * 0.26*10-5 mol/s * 126 * 103 J/mol

= 0.0312 J/s

Assuming steady state,

Heat In = 13.75J/s

Heat required =   4.118+0.553+0.47+0.0312J/s

                      =  5.172 J/s

We see that we have 8.58 J/s excess heat, assuming steady state and steady laser power. 

We then ask what happens if we lower laser power. Obviously, inlet heat decreases and part of that heat is transferred to reaction, heat dissipation and desorption. Conversion also decreases at lower temperatures. This means the signal in the LAMIMS Mass Spec should drop. We have seen this effect qualitatively in the LAMIMS (lower signal at low temperatures) at lower laser power (not shown in current paper). All the above analysis should be treated with caution since time needed for steady state conditions is greater than 1000s (using t = radius of bead 2/ (2Deff)) and Deff of 10-7 cm2/s following  Weisz [27] i.e., we are operating far from steady-state, probably in a transient mode.

6.  References

25. a) Madon R. J. and Boudart M, I&EC Fundamentals, 1982, 21, 438; b) Boudart M and Djega–Mariadassou, “Kinetics of heterogeneous catalytic reactions,” Princeton University Press (1984).; c) Boudart M, J. Mol. Catal. A: Chemical, 1999, 141, 1.
26. a) Sinfelt J. H., Hurwitz. H, Schulman R. A., J. Phys. Chem, 1960, 64, 1559; b) Sinfelt J. H., J. Mol. Catal. A: Chemical, 2000, 163, 123.

27. a) Weisz P. B., Prater C. D., Rittenhouse K. D., J. Chem. Phys., 1953, 21, 2236;  b) Weisz P. B.; Prater C. D.; Rittenhouse K. D.,  J. Chem. Phys,. 1955, 23, 1965; c) Weisz P. B., Z. Phys Chem, 1957, 11, 1;d) Weisz P. B., Science, 1973, 179(4072), 433.

